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ABSTRACT 
The soft-substrate bivalves of the Swan Estuary were evaluated for their suitability 
as bi.Jlogical indicators. TI1e major requirement of a biological indicator is that a 
response to changing conditions can be shown. Demonstrating that bivalve commw1ity 
and populations respond to changing environmental conditions within the Eshtmy would 
fulfill this criteria .. To make tltis assessmeJ!t the study conducted a quantitative sampling 
program which established the current structure of the near-shore soft-substrate bivalve 
cotm1nmity and tltis was compared with the community established in 1973-74. To 
evaluate the predictive potential of bivalve structure as an indicator, major envirGnmental 
c::mditions in the Estuary were measured and related to bivalve distribution, abw1dance 
and biomass. TI1e utility of bivalves as indicator species in causal ex-periments was also 
assessed by means of a to;...icity test conducted in the laboratory. 
Tills study found significant differences in the current bivalve community compared 
with that established ia 1973-74. TI~ree species have been added to the Middle Estuary 
community, two of which now dominate. Possible relationships between these ::-hanges 
and alterations to environmental conditions '"ithin the Estuary over the same period i.e 
nutrient enrichment and changes in hydrology, were examined but conclusions were 
speculative only. 
The current bivalve comnumity appears to represent the major biotic divisions 
witltin the Estuary and relationships were fotmd with the presence of seagrass, 
phytoplankton biomass, fine particulate organic matter and sediment grain-size 
composition. 
A causal relationship to the toxicity of chromium was demonstrated in the 
laboratory. The processes of measuring population and community structure, and of 
handling and manipulating bivalves both in the field and the laboratory were shown to be 
time- and cost-efficient. 
Their ease of sampling, ablUldancc and widespread distribution affords bivalves 
potential as biological indicators within the Swan Estuary. 
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CHAPTER 1. 
General Introduction and Background 
1.1 Background 
TI1e Swan Estuary is a highly modified ecosystem. Titc city of Perth, with currently 
in excess of 1 million inhabicdnts, now fringes its entire length. Problems associated with 
anthropogenic inputs and activities, particularly nutrient loaJings, are currently ofleading 
concern for the managers of this Estuary. 
Titese problems are t)}~ical of estuaries in general. Due to their apvarent ability to 
transport human wastes away from areas of human habitation, they have been used as 
repositories for a variety of inputs fi:om industrial, mwticival and domestic sources 
(Kcnnish 1990). 
Increasing demand for further commercial and recreational use, coupled \vith 
pressure from a more "environmentally consc~ous'' public to deliver ecological protection 
and health, call for management which is based on sow1d k:nowlcdge of the physical, 
chemical and biological processes operating in the Estuary (Atkins 1993 ). 
To assess the biologica! health of the Estuary, indicators which represent as many 
biotic components and habitats as possible, need to be established (Jacoby 1993). 
Resources can then be focused on mouitoiing the responses of these indicators. 
According to their power to typify the wider community, infonnation derived from 
changes in biological indicators can then be used to interpret changes in environmental 
conditions within the Est ary and provide early waming signs of deterioration. 
Bivalves in general have the potential to be used as biological indicators. l11eir 
relative importance to marine ecosystems, their ease of capture, and their ability to 
accumulate many contaminants are some attributes which may qualify them as ideal 
subjects. 
This study investigates t11e suitability of the near-shore soft-substrate bivalves oftl:e 
Swan Estuary as biological indicators within this ecosystem. 
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1.2 The Estuarine Ecosystem 
Although conceptually estuaries are well defined, the applicability of these 
deiinitions to the varied landscapes comprising the coastal region has been the subject of 
some debate, particularly in the southem hemi~-phere (e.g. Day 1981). Definitions have 
usually originated from observations made of northern hemisphere estuaries and often do 
not fit those found in Australia. 
The definition of an estua1y as proposed by Pritchard (1967) seems to have been 
used, at least in Western Australia (e.g. Hodgkin 1987, Hodgkin 1993), as a point where 
discussion and divergence begins:: 
"An estuary is a se!mi-enclosed body of water which has a free connection with the open sea and 
within which sea water is measurably diluted with fresh water derived from land drainage." 
From an ecological perspective it is important to note that estuaries are transitional 
zones between marine and freshwater environments, and at the same time between 
terrestrial and aquatic landscapes. 
It is not surprising, then, that \vithin these ecotones is found a set of highly variable 
physical and chemical conditions with which the biota have to contend. A diverse array 
of habitat exist within estuaries, characterised chiefly by variations in salinity, but also by 
variations in substrate, water depth, and tidal inwtdation. 
Although elements of both marine and freshwa(cr fauna can be found within 
estuaries, it is generally agreed that e~tuarine fauna contains a significant component 
found in no other aquatic environment (Wolff 1983). 
1.3 The Swan Estuary 
Tite Swan Estuary is situated on the Swan Coastal P1ain of the south~west of 
Western AustraJia (Figure L 1 ). The area experiences a Mediterranean climate 
·' ,i • •' • ·•<' -" 
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Figure 1.1 The Swan Estuary. 
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chau1cterised by wet winters and warm dry summers. 1l1is climatic regime produces 
hydrological conditions which :ue in some respects unique to south-west Australian 
estuaries (Spencer 1955, Hodgkin 1987). Ft:atures of the Swan Estuary, such as its 
unoOstructed mouth and depth of channel give it a uniqueness amongst south-west 
estuaries (Hodgkin 1993). Due to these wmsual features there has been some debate 
about the aptness of the label of"estuary11 (e.g. Kirke, Knott and Burke 1987). Points at 
which the Swan diverges from the accepted definition need to be highlighted as these 
impose signjficant consequences for the biota of tills Estuary. 
Un!ike northem hemisphere estuaries in which the major hydrological feature iS the 
daily movement of tides, the Swan Estuary's seasonality is its major defining feature 
(Spencer 1956; Wilson 1968; Cliahner, Hodgkin, and Kendrick 1976; Hodgkin 1987), 
Small tidal oscillation (0.5 m range) and a climate which delivers C)\1rcme freshwater 
runoff for one half of the year and essentially none for the other half, produce temporal 
changes on a seasonal basis which override those experienced on a daily scale. 
Over the late spring to autumn period (November - May) marine conditions are 
experienced over much of the Estuary. Rain£11l decreases and river discharge gradually 
ceases thus a11owing marine conditions to progress upestuary. When winter rains and 
river discharge resumes at the beginning of winter (June) marine conditions retreat 
downestuary. In high rainfall years the entire Estuary can be flooded with fresh water 
while in low rainfall years the lower sections can remain at almost full marine status 
throughout the year. 
Thus the principal ecological f.1ctor must be considered salinity, and that the 
seasonal scale overrides the diumal scale (Hodgkin 1987). Wilson ( 1968) states that 
these conditions render the Swan Estuaty as "tmusually severe" for the biota. 
Spencer (1956) in an early investigation divided the estuary into two parts based on 
geommphological and hydro!ogical characteristics. Later Chalmer eta[. (1976) proposed 
a three-part division based on t11e distributions of benthic fauna, namely the Lower, 
Middle and Upper Estuary (Figure 1.1 ). TI1e Lower Estuary extends from the mouth to 
i j 
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Chid.ley Point and is characterised by a tidal channel with riepths up to 21 m, however 
there are also some shallower areas near-shore which harbour seagrasses. TI1e Middle 
Estuary fonns a wide sheltered expanse where shallow banks of the seagrass Halophila 
ova/is are typical. This area as described by Chalmer eta!. (1976) e;...1ends from Chidley 
Point to Heirisson Island in the Swan River and to Salter Point in the Canning River. The 
Upper Estuary includes the two river anns of the Estuary, t11e Swan upestuary of 
Heirisson Island and the Canning up estuary of Salter Point. Seagrasses are rarely present 
in this section of the Estuary. 
Typically the Lower Estuary remains in marine condition for most of the year. Tite 
Middle Estuary e:o-qJeriences marine conditions for e;...1endcd periods but lowered salinities 
are also dominant for some of the year. The Upper Estuary remains fresh for most of the 
year while e;.,:periencing the encroachment of more salim. conditions over the summer 
months when river flow ceases. 
1.4 Bivalves in the Estuary 
Bivalves are benthic organisms which fonn an important functional group within 
estuarine ecosystems (McLusky and Elliott 1981). Two divisions are usually made, based 
on their feeding behaviour. The filter feeders, such as mussels, are found in 
congregations attached to both hard and soft substrate surf.1ces and are significant 
primaxy consumers, :filtering the water column for }Jhytoplanlion and re~suspended 
particles from the detrital food web. The deposit feeders are relatively mobile and are 
found either moving on the surf.·~ee of; or buried deep within, soft sediment where they 
sift the sediment for detrital particles. 
In 1976, Chalmer, Hodgkin and Kendrick published a paper entitled 11Benthic fauna 
changes in a seasonal estuary of South-western Australia. 11 T11e distributions of the near~ 
shore benthic fauna of the Swan Estuary, including 8 bivalve species, were mapped over a 
two~year period 1973,. 1974. lt also included a collation ofWA Musewn collections 
from 1952-1975. The study sampled 27 sites and although qualitative on!), it covered 
- ------ T.'- -- -~ -, -;-
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the entire estuarine system from Ellen Brook in the Swan River and from Riverton Weir 
in the Canning River, to Fremantle Harbour. The study compared species distributions 
between two years of differing winter rainfall. It demonstrated an extension upstream for 
species of marine affinity in low rainfall years, when matine conditions dominate, and 
conversely, a contraction downstream in years ofhir;h winter rainfalL 
It also demonstrated that the Swan, ~'Pica I of estuarine systems, has a diverse and 
widespread bivalve fauna. 
Bivalves are generally regarded as excellent indicators in polluted waters. For 
example they have been used to indicate the effects of oil spills (e.g. Widdows et a/. 
1982) and to monitor heavy metrtl contamination (e.g. Phillips and Rainbow. 1988). 
1.5 11 Healthn and biological monitoring. 
Ecosystem health has been described in terms of self-regulatory and self- .~ustaining 
attributes (Loeb 1993). Ecosystems which have been subjected to anthropogenic 
disturbances often lose their capacity to reestablish pre-disturbance communities. 
Community structure which is sensitive to conditions of habitat has the potential to 
indicate disturbance-induced changes in habitat. 
The health of the Swan Estuary is of major concem to users and managers (Atkins 
1993). Large-scale press disturbances such as nutrient enrichment, boating activity, and 
heavy metal accumulation, and numerous localised pulse disturbances 3uch as sewage 
inflows and oil spills, highlight this concem. In addition the demand for amenity and 
usage by an ever increasing popu1ace means that management has become a crucial issue 
to the future of the Estuary. 
Tite "health" of any ecosystems ts ultimately a subjective issue. Scientific 
investigation can produce evidence of environmental change, for example in a particular 
water quality measurement, but attributing sigtlificance to that change depends on the 
prevailing human value system at the time. For example an increase in productivity and 
biomass resulting from eutrophication, might be viewed as an improvement by fishennen 
~-- "'·''' .:- ·;:c·,_· ··:''-' 
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(Butler 1984) whereas a conservationist might be more concerned with associated 
species losses (Rapport et a!. 1985). Health assessment, driven by users, may have an 
anthropocentric bias which cm1ld result in severe degradation, since users may not begin 
to he affected 1mtil natural systems have been significantly disrupted (Jacoby 1993). 
Mana5ers may need a more ecocentric bias if natural systems arc to remain fimctioning. 
Regardless of the value judgements surrounding the issue of estuarine health, the 
condition of the organisms which comprise the ecosystem is one measure of the status of 
the estuacy and as such may be used as a diagnostic tool (Loeb 1993). 
Increased phytoplankton biomass and loss of seagrasses are well established 
indicators of illhealth in marine environments (Cambridge and McComb 1984; Bastyan 
1986~ Kennish 1992). While nuisance phytoplankton blooms provide a visible indication 
ofillhealth, the level of chlorophyll a has also been used to indicate phosphorus loadings 
and nutrient enrichment. Due to the value of seagrass as a primal)' producer, habitat and 
nursery for many estuarine species, its loss provides a clear indication ofillhealth. 
MonitJring of physical and chemical propetiies as indicators of water quality has in 
the past formed the basis of health assessment in the Swan Estua1y. However, there are 
limitations inherent in this fonn of monitoring (Atkins 1993), and the inclusion of a 
biological element provides for more meaningfbl evaluation (Abel 1989, Dauer 1993). 
Dauer (1993) states three advantages of a biological component in health monitoring: I) 
it provides a direct measure of the condition of the biota, 2) it may uncover problems 
undetected or underestimated by other methods, and 3) it can be used tG assess 
restoration efforts. 
Biological monitoring involves the measurement of indicators which provide 
infonnation on the status of the wider community in the ecosystem (Jacoby 1993). An 
indicator can be of any level of biological organisation - individual, species, 0r 
commwtity. The behaviour of the indicator w1der particular types of disturbance is 
lmown, so that a change detected in the indicator is directly related to the causal 
condition (Abe\1989). 
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Observations made of degraded ecosystems have resulted in the accumulation of a 
body of knowledge on the particular characteristics of ecosystems which are likely to 
respond to disturbance. Inferences can be made which imply cause when observing 
change to ecosystem variables such as commllllity structure, however obsetved change 
alone can not establish c2.usahty. Only through controlled experiments using indicator 
organisms in both the field (e.g. exclusion experiments) and in the laboratory (e.g. 
toxicity testing), can evidence of cause be provided (Keough and Quinn 1991; Kennish 
1992). 
Notwithstanding the above, the analysis of community and population structure 
using univariate and multivariate techniques, which reflect the respor.se of whole groups 
of species, has been ex1ensive1y used to indicate polluted marine environments (e.g. Gray 
and Mirza; Warwick 1986; Smith et al. 1988; Warwick et al. 1990; Harrel and Hall199l; 
Horwitz and Blake 1992; Dauer 1993). Specific attributes of comnnmity structure which 
might be used as indicators are (from Sheehan 1984): 
o population extinctions; 
o changes in the composition of species present; 
• changes in dominant species; 
e changes in diversity and similarity pattems; 
o alterations in abundance and biomass; 
• alterations of spatial strurture; 
e increased fluctua·i:ion of structura~ measurements; and 
• successional indications. 
Ideally, an indicator should be the most sensitive entity in the ecosystem, so that 
change is detected before the whole system is affected, however, the search for bioJqgical 
indicators usually involves a compromise between conflicting attributes (Jacoby 1993; 
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Warwick 1993). 1l1e desirable attributes of a biological indicator are (adapted from 
Jacoby 1993, p. 149): 
o they represent a valued atttibute of the ecosystem or are important ecosystem 
components or processes; 
o they are readily measurable; 
• they respond quickly and unambiguously to environmental change; 
• they are disttibuted over a spatial scale which includes areas not affected by 
change (i.e. control areas); and 
o they have been studied before. 
In marine environments, the search for the ideal biological indicator has focused on 
benthic organisms such as bivalves, for a number of reasons (from Smith et a!. 1988, 
Dauer 1993, Warwick 1993): 
• the benthos serves as a majC'r sink for the majotity of anthropogenic inputs and 
therefore a response is more likely to be measured from benthic organisms; 
• benthic organisms are relatively sedentary and long~lived, and therefore water 
and sediment conditions are more likely to be reflzctcd in these than in more 
mobile commw1ities; 
o they fonn a major functional role in cycling nutrient from the sediment to the 
water column; 
o they are an import~mt food~web component for pelagic communities including 
commercially and recreationaUy important species, thus linking rn<:.ny 
contaminants to higher trophic organisms such as humans; 
o their sessile nature means that they can be easily studied; and 
o there is extensive research literature on the effects of pollution on benthic 
commtmities and taxonomy is well documented. 
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The structure of the Swan Estuary bivalve community appears to have changed 
over a period of 30 years during which the ecosystem has been pressed by increased 
anthropogenic disturbances. Two separate invasions have occurred. The first was in the 
early 1960's, \Vhcn the small bivalve Spisuia trigonella invaded the Estuary. It was 
recorded by Wilson and Kendrick (1968) as extremely abundant throughout the Lower 
Estuary and has continued to be one of the most common species fmmd in the Estuary. 
Then, in the early 1980's, Slack-Smith and Brearley (1987) recorded the introduction of 
the bag mussel Muscu/ista senhousia, to the Estuaty. Chalmer et a!. ( 1976) also 
documented the appearance of another species Theora lubrica, but limited data exists on 
its establishment. 
Tite appearance of these exotic species may be indicative of altered environmental 
conditions within the ecosystem (Rapport et a/. 1985). Both Wilson and Kendrick 
(1968) and Chalmer et ai. (1976), in documenting some of these changes, touched on the 
complex ecological issues surrounding species acquisitions. Do they arrive, find vacant 
niches and quietly and cahnly ap?end themselves to the native community, or do they 
11nivc better-adapted to take advantage of changing conditions than the stressed native 
community, and quickly begin to dominate? 
The existence of a comprehensive study by Chalmer et a/. ( 1976) which 
documented the distributions of the near-shore bivalve cmmnunity of 1973-74, provides 
an opportwtity to compare and assess a changing bivalve community over a period of 
time when concern for the changing conditions within the Estuary has risen markedly. 
The near-shore areas in which the majority of bivalves arc folllld are also important 
seagrass areas. Halophila ova/is the main seagrass species of the Estuaty, is a major 
contributor to primary production (Hillman 1985). Sea grasses in general provide a major 
habitat and resource in marine en,dronments for many benthic invertebrates and fishes 
(Howard et a!. 1989, Bell and Pollard 1989). The loss of seagrasses, given their 
ecological importance, has been extensively used as an indicator to highlight concem 
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about marine environments (e.g. Cambridge and McComb (1984) in Cockbulll Solllld, 
Bastyan (1986) in Princess Royal Harbour and Oyster Harbour, Albany). Studies 
conducted at Shark Bay and Princess Royal Harbour, Albany, show that benthic species 
richness, abtu1dance, and biomass i:. significantly highe;: in vegetated areas compared to 
non-vegetated areas (Wells eta/. 1985, Hutchings eta!. 1991). Tite importance of these 
near shore areas toJ the estuary provides added justification for the investigation. 
1.6 Objectives of the study 
The major objective of this study was to assess the suitability of the near-shore soft-
substrate bivalves as biological indicators in the Swan Estuary. The demonstrated 
ecological importance of bivalves to marine ecosystems generally (McLusky and Elliott 
1981}, the fact that recent stmctural changes have occurred in the Swan Estuary's bivalve 
£1una (Wilson and Kendrick 1968, Slack-Smith and Brearley 1987) and the existence of a 
comprehensive benthic £1unal study for the Estuary {Chalmer et a/. 1976), provide a 
unique framework in which to make this assessment. 
The following specific aims were fonnulated to provide for the evaluation of 
bivalves in relation to the desired attributes of a biological indicator. 
1) Establish the current stmcture of the bivalve community of the Swan Estuary 
through a quantitative sampling program and thereby determine: 
a) their ecological importance to the Swan Estuary; 
b) the ease of sampling; and 
c) the reliability of the quantitati\·e measurements. 
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2) Ideu~ify the specific structural changes which have occurred in bivalve 
community since 197.:;., examine these in relation to the changing environmental 
conditions within the Swan Estuary and establish: 
a) 
b) 
whether bivalw community structure, as a biological indicator, has in the 
past responded to environmental changes; and 
those measures of structure which might best form the focus of future 
biological effects monitoring. 
3) Measure the major environmental conditions existing in the Swan Estuary, and 
investigate relationships with bivalve com11 '"'ity structural attributes, and hence provide: 
a) an evaluaLion <Jfthe potential A predicting changes in those conditions; and 
b) an evaluation of bivalves as representative of the wider community response. 
4) Conduct a toxicity test in the laboratmy using the bivalves of the Estuary and 
assess: 
a) bivalves as indicators of causal relationships with anthropogenic inputs; 
b) ease of collection. handling and survivability in the laboratory; and 
c) the economics of using bivalves within th.is setting. 
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CHAPTER2. 
Current Bivalve Community 
2.1 introduction 
The current structure of bivalve populations and communities of the Swan Estuary 
is presented in this chapter. The aim is to provide an assessment of the potential for 
biv11lve community structure to predict important environmental conditions within the 
Swan Estuary. 11Ie ecological importance of bivalves to the ecosystem, and the 
reliability of their measurement are also assessed. 
Finding relationships between bivalves and existing environmental conditions within 
the Estuary would provide one measure of their value as biological indicators. Such 
relationship may supply a link between observed biological change and the possibility that 
those habitat fomling conditions have also changed. It also supplies an indication of the 
biological effects that a change in conditions might cause. Already-established links 
between the same conditions and other biotic components would mean that bivalve 
responses could be used to represent the responses of the wider community. 
Measuring distribution and abundances is the main focus of any study which 
assesses environmental conditions using community structure. Biomass is usually 
included as it is a better indication ofrelative ecological importance of component groups 
than · 'mndance (Wa1wick 1993). Given also that it may respond differentially than 
abund .. d.:c under specific conditions (Sheehan 1984) its inclusion with abundance data 
provides for a clearer evaluation. 
Observations made of these community variables should be interpreted as a 
reflection of the responses of the component species to a multitude of environmental 
factors. Salinity is usually considered the master factor (e.g. Hodgkin 1987), however 
sediment properties including redox potentia~ water physicochemical factors such as 
dissolved oxygen, temperature, turbidity, wave r"~ion, turbulence, nutrient and organic 
matter inputs, and biotic influences such as predation and competition, may also 
' I. 
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determine community composition (Kennish 1990). Day (1981) notes that it is usually 
the ei'l:tremes of conditions rather than averages which place limits on abundance and 
distribution. Further, the conditions operating at the time of laiVal settlement may have 
more relevance to the distribution and abtmdances of adult populations than the 
conditions under which the adults are actually living (Underwood and Fairweather 1986; 
Abel1989). For example in salinity tests conducted by Wilson ( 1968) on adult and early 
stage embryos of the mussel Xenostrobus securis, (a common mussel in the Swan 
Estuary), it was concluded that distribution is more likely limited by the salinity at the 
time of fertilisation and early development than by adult tolerances. 
There arc extreme environmental gradients operating within estuaries and wide 
temporal and spatial fluctuations in benthic populations arc therefore not sufl>rising, as 
has been demonstrated by other Australian studies (e.g. Rainer 1981; Jones eta/. 1986; 
Jon~s 1987). Superimposed on tltis model of variation caused by natural conditions, is 
the contribution made by anthropogenic impacts in their many forms, intensities, and 
extent. Estuaries, in particular, arc therefore difficult systems in which to investigate 
forces responsible for shaping the structure of communities (Kcnnish 1990). 
Biotic models have been proposed to describe the responses of community 
structure variables to salinity gradients within estuaries. Species richness, suggests Wolff 
(1983), has two peaks, one corresponding to the marine salinities in the iower parts of an 
estuary and the other to freshwater influences in the upper sections. The drop in richness, 
from both ends of the sp~;ctnun, conv~rges at salinities arolmd 12 mS I em. Day eta/. 
(1989) point out that although estuaries possess low species riclmess, abundance usually 
remains high due to increased food availability. 
Chalmer eta!. (1976) proposed a three pa1t biotic division based on benthic fauna 
for the Swan Estuary which was related to salinity regimes (Figure 1.1). 'fl1is modified 
an earlier two~ part division made by Spencer ( 1956) which was based on physicochemical 
characteristics alone. Works on other biotic groups in the Eshmry have since supported 
this basic longitudinal division of the Estuary (e.g fishes - LQneragan et a/. 1987, 
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phytoplankton ~ John 1987). Other estuaries have also been divided along salinity 
gradients using benthic assemblages, for example Richter (1985) in an estuary in southem 
Chile gave three divisions, although McLusky and Elliott (1981), worki!lg from the 
records of W. J. Wolff of the Rhine Estuary, Gennany, distinguished four groups of 
estuarine molluscs related to salinity regimes. 
Apart from salinity, five other important habitat parameters are analysed against 
bivalve structure in this Chapter. Chlorophyll a, as a measure of phytoplankton biomass, 
and sea grass were included becaus1! of their leading role in assessing water quality and 
estuarine health. Phytoplankton is a major primary food source for suspension feeding 
bivalves such as Jvf. senhousia, and relationships foUild with abwtdance and biomass of 
Uivalves could provide a further avenue for the assessmeut of the biological effects of 
nutrient enrichment. Sea grasses, a major ecological component ia this Estuary (Hillman 
1985), provide habitat for many benthic faun11, including bivalves (Howard eta/. 1989, 
Bell and Pollard 1989). Relationships fmmd with bivalve species richness, abundance and 
biomass would aid the assessment of the biological effect of sea grass loss while at the 
same time establishing a faunal group which may indicate a healthy seagrass commwtity. 
Depth was chosen as it is a major factor in detcnnilling organism distribution particularly 
in near shore are::::; which are affected by tidal influences (Kcnnish 1990). Although the 
tidal osci!lation in the Swan Estuary is small and sometimes intennittent (Hodgkin 1987) 
exposure of substrate does occur in some sections. Fine patticulate organic matter 
content of sediments (FPOM) was induded, as it is an important food source for many 
deposit feeders such as the bivalve S. biradiata. Finally, sediment grain·size composition 
was selected for its significance in detemtining local benthic community composition 
(Kennish 1990). Other water physicochemical variables - temperature, pH, dissolved 
oxygen and redox potential were also included for ar...tlysis. 
Other studies conducted in Australia have related some of these £1ctors to benthic 
community measurements. Benthic species richness, abmtdance, and biomass was 
significantly higher in veget11ted areas compared to non-vegetated areas in Shark Bay and 
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Princess Royal Harbour, Albany (Wells eta!. 1985, Hutchings eta/. 1991). Coleman et 
a/. (1978) categorised two grades of sediment grain size- 11 clean medium sand" and "fine 
sand and mud" which were linked to particular benthic assemblages in Westem Port, 
Victoria. Bf.nthic comnllmity classifications which demonstrate distinct groupings 
associated with depth arc numerous (e.g. Stephenson 1976; Rainer 1981) although Jones 
(1986) in the Hawkesbmy Estuary, NSW, did not find consistent community differences 
attributable to depth. Poore and Kudenov (1978) and Geddes (1987) demonstrated a 
relationship between species distributions and salinity gradient in the Yarra River Estuary, 
Victoria and the Coorong Lagoons, South Australia respectively. 
2.1.1 Background to Bivalve Species 
As previously mentioned the bivalves of the Swan Estuary have been C).1ensively 
studied (e.g. Wilson 1968; Wilson and Kendrick 1968; Wilson 1969; Chalmer eta/. 1976; 
Slack-Smith and Brearley 1987). Following is a b1ief autccological description of the 
common species found in the Estuary. 
Xenostrobus securis (Lamarck, 1819), (Plate 2.1) is a mytilid bivalve which is 
common throughout south em Australia and has been described by Wilson ( 1969) as a 
true estuarine species able to live at lowered salinities for extended periods. It fom1s 
dense congregations on rocks, pylons and logs but can also amass in dense beds on soft 
substrate. It can live intertidally or sublittomlly. 
Musculista senlwusia (Benson, 1842), (Plate 2.2) is adapted to a wide climatic 
range. Its native range in coastal areas of the westelll Pacific extends from Siberia in the 
north to Singapore in the south. The species was first recorded as an invader in the USA 
in 1944, as documented by Smith (cited in Slack-Smith and Brearley 1987). Willan 
( 1987) recorded its appearance in the Auckland area of New Zealand, in the late 1970's. 
Tite animal is a suspension-feeding mytilid bivalve which anchors itself with.in the 
sediment by aggregating surromtding sand grains, shells, and other individuals, with 
byssal thread. It lies buried vc11ically in the substrate, with valves slightly open and 
h. 
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siphon lips just above the sediment surface, for feeding. Its target food is phytoplankton 
although it possibly consumes suspended organic matter of similar size. Unlike other 
mytilids, it fonns a characteristic woven enclosure or nest, by winding byssal thread 
around its shelL Morton (1974) postulated a dual puqJose for this habit, in that it both 
keeps sediment particles out of the mantle cavity and acts as a protective mechanism 
M senhousia can live intertidally or sublittorally, <'.]though it is restricted to 
sheltered bays and estuaries where lt fonns large aggregations. It has been fOw1d on hard 
substrate (Slack-Smith and Brearley 1987) although only as isolated individuals. 
Irus crenata (Lamarck, 1818}, (Plate 2.3) is a suspension-feeding venerid bivalve 
which attaches itself to scdinient pm1icles and shell debris by fine byssal threads. TI1is is a 
more fragile attachment compared with that made by mussels. Although common in soft 
sediments, it also has a peculiar habit of settling within rock crevices and then conforms 
its shell shape to the dimensions of the crevice as it grows. It is widely distributed 
throughout south em Australia including many of the estuaries along the southwest coast 
ofWA. 
Spisula trigonella (Lamarck, 1818), (Plate 2.4) is a mobile filter-feeding macrid 
bivalve, that partially buries itself in the sediment. Its range now includes all Australian 
coasts although it is only a recent anival to southwestem Australia. Wilson and Kendrick 
(1968) recorded its invasion of the Swan and described it as eAiremely abundant in the 
Lower Estuary. Wells (1984) recorded it as having marine affinity while Poore and 
Kudenov {1978) in a study of the Yarra River estuary, gave it "estuarine" status. The 
confusion may relate to its opportunistic character i.e. it is able to establish populations 
quickly once conditions become £wourable. 
Solet:?l/iua biradiata (Wood, 1815), (Plate 2.5) was until recently placed in the 
genus Sanguinolaria. TI1ere is also a possibility that a larger species, Soletellina alba has 
been included as hiradiata in past studies (and this study) although it appears to be rare 
(pers. comm. Mrs Slack-Smith, WA Museum). 
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S. biradiata, is a relatively mobile, deposit-feeding bivalve which burrows deep 
within the sediment. It extends its syphon to the surface and gently 11vacuums" the 
.sediment for organic particles. It is widely distributed along the southwest coast of 
Westem Austrlalian iu sheltered bays, lagoons and estuaries. 
Tel/ina deltoida/is (Lamarck, 1818), (Plate 2.6) is a deposit-feedins bivalve whicil 
is found deep within the sediment. It is common, although not abundant, tluoughout 
southern Australian coastal areas. Lasaea australis (Lamarck, 1818) is an C>.1remely 
small bivalve of maximum length 5 mm, which lives attached to sediment particles and 
shell debris, usually amongst mussel beds, although it can also be found attached to 
rocks. It was _previou<;ly recorded by Chalmer eta/. (1976) from museum records under 
the genus Kellia. Fluviolanatus subtorta (Laseron, 1956) is described as a true 
estuarine species by wltich can tolerate lowered salinities (Wells 1984). It is found in 
dense mussel-like congregations on logs and rocks and can also form attachments to soft 
substrate. Arthritica semen (Menke, 1843) is another extremely small bivalve whose 
distribution is restricted to the estuaries of the southwest ofWA It has been recorded at 
densities of8000 per m2 in the Peel-Harvey Estuary(Wells 1984). 
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· , Scale. l : 1 
20 
2.2 Materials and Methods 
2 :.1 Biva~ve sampling 
Summary 
Quantitative sampling techniques were used to gather bivalve abundance, species 
richness and biomass data at 25 sites throughout the Estuary. Soft-substrate sampling 
using a hand-held corer was carried out at two water depths - 0. 5 m and 1.5 m at each 
site with 10 replicates taken at each depth. 11te corer size was 0.025 m2 and samples 
were passed through a 1 mm mesh. All live material retained on the mesh (including 
seagrass), was preserved in 5% fonnalin. The February/March sampling time coincided 
\'\lith a predominantly marine influence throughout the estuary. Water and sediment 
conditions were recorded at the time of sampling and also at intervals throughout the year 
at all sites. 
Justification 
Selection of methodologies and sampling strategies were governed by the need to 
conform to the desired attributes of a biological indicator, namely, importance as an 
ecological component, ease of sampling and reliable quantification. 
Soft-substrate sampling was considered superior to hard-substrate as the latter is 
difficult to quantify in that substrate type varies, the surface area of rocks is difficult to 
estimate, and animal numbers and condition generally suffer from human harvesting. In 
addition, the eight major bivalve species recorded by Chalmer eta/. (1976) are all found 
in soft substrate, six of them being exclusively soft-bottom dwellers. The new speciesM. 
senhousia also dwells exclusively in soft substrates. 
There are distinct logistical advantages in sampling near-shore areas as opposed to 
the deeper channels, for example, boats, diving gear, or heavy grab-type equipment are 
not required. Apropos to this, a hand-held corer was selected for its ease of operation. 
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Nearwshore areas also form an extremely important ecological component of this 
Estuary, as seagrasses are restricted to and extensive in the:.e areas. Apart from their 
contribution to primary productivity they provide essential habitat and resonrce for a 
multitude of invertebrates and pelagic fish. A faunal indicator established 'Within these 
areas of the Esruary would seem mandatory for ougoing health assessment. 
Methods used in this study will be evaluated in light of the objectives stated above 
for sampling utility and efficiency. 
Sites 
Twenty-five of the 27 sites used in the Chahuer eta/. (1976) study were revisited 
(Figure 2.1). These provide for the longitudinal coverage of the whole Estuary and 
should therefore permit an analysis of the salinity gradient and its effects on bivalves. 
Exact location of each site is given in appendix 1 along with a description of major 
habitat components . 
Sampling was conducted from 27/2/94 to 28/3/94 coinciding with the relatively 
stable summer/autumn hydrological condition of the estuary (Hodgkin 1987) and 
providing comparison with the study of Charmer eta!. (1976) which was also conducted 
under these conditions. 
Soft-substrate sampling was conducted in near-shore areas to 1.5 m depth. This 
provides for the assessment of the relationship between bivalves and seagrasses as the 
latter grows exclusively at these near-shore depths. Both those species which live 
attached at the substrate surface and those which burrow within the sediment were 
targeted for simultaneous sampling. 
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Figure 2.1 Swan Estuary showing sampling sites ~ coded letters used throughout this thesis. 
FTB - Freman~Je Traffic Bridge, NF ~ North Fremantle, EF -Preston Point, RB - Rocky Bay, SR -
Point Roe, BR- Blackwall Reach~ CP- Chidley Point, PW- Point Walter, MB- Mosman Bay, PG-
Peppennint Grove, FB - Freshv.r-ater Bay, PR- Point Resolution, AC - Point Waylen, PP - Pelican 
Point, LB- Lucky Bay, PD- Point Dundas, CB- Canning Bridge, CM- Como, SB- Swan Brewery, 
SP: Sa1ter Point, PER- Perth Water, lU - Heirisson Island, RW - Riverton Weir, HR- Helena 
R!v~r. EB- Ellen Brook, 
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Equipment 
Corer 
Sampling was carried out using a hand~held coring device. Automated devices 
such as the Smith-Mcintyre grab or the VanVeen grab, used in many previous Australian 
studies were rejected since they are designed to operate in deep water on muddy 
sediments, and have been shown to inadequately sample below the sediment surface 
(Elliot and Drake cited in Abell989) and within dense mussel beds (Papas 1994). 
The two previous quantitative studies conducted within the Estuary, Wallace 
(1977) and Rose (1992), used O.Q38 m2 and O.Ql m2 band-held corers respectively, in 
which known bivalve species were collected. The corer used in the present study is 
comparable to these and has a box design of area 0.025 m2 (158 mm x 158 rum) and 
volume 0.005 m3 (x 200 mm depth). 
Sieve 
Benthic studies usually employ either 1.0 mm or 0.5 mm mesh to wash clay and silt 
from the core samples (Wolff 1987). The 1.0 mm mesh size was £woured over the 0.5 
mm to reduce sorting time, and to provide comparison with the two previous quantitative 
studies conducted v.~thin the Swan Estuary (Wallace 1977; Rose 1992). Species such as 
A. semen and L. australis are small, with a maximum size of 3 mm, and therefore 
juveniles of these species may have been lost, however their contribution to biomass 
estimates would be correspondingly very small. 
Sampling design and procedure 
Two factors, tidal movement and seagrass distribution, contributed to a major 
depth stratification withln sites. Seagrass rarely grows at deptlts less than 0.5 m (HillmJn 
1985) and coincidentally these shallower areas(< 0.5 m) are also subject to periodic tidal 
influences (tidal movement is only partly implicated in excluding seagrass - light and 
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temperature being the other major determining factors (Hillman 1985)}. To determine 
whether depth in these near~shore areas was a predictive factor for bivalve populations 
and communities, a 2-depth sampling layout was chosen. 
A subjective appraisal of the benthic habitat at each site was carried out which 
included the assessment of sediment type, slope, aspect, and seagrass cover. A soft-
substrate sampling location was then chosen which was typical of the site. The 
proportion of area covered by seagrasses at each site was assessed, and the sampling 
location was adjusted to include a similar proportion of seagrass within its boundaries. It 
was dten referenced to a known landmark. The exact sampling locations are given in 
Appendix I. 
The number of replicates was chosen after consideration of several criteria. Firstly, 
a pre-study trial showed that 4 replicates were adequate for establishing presence/absence 
data at a chose11 site (Figure 2.2). Also, ac.cumcy ofabWidance and biomass estimates is 
an important aspect to be considered in the assessment of these indicators. A major 
impediment to the estimation of these variables for benthic organisms is their inherent 
patchiness (Wolff 1987, Kennish 1990), therefore useally requiring that a large number of 
replicates. The maximum number of replicates able to be processed, given the time 
involved and the scope of this study, was estimated to be 20 per site. 
The following design was used. Ten replicate cores were randomly taken at each 
oftwo depth zones for each sample location, with one set of replicates within a 0.0 to 0.5 
m zone called the "shallow11 sample and one set within a 0.5 to 1.5 m zone called the 
"deep" sample. For each zone a 7 m radius circle was located, with centre point in the 
water at depth 0.25 m (shallow sample) and 1.0 m (deep sample). This area size was 
chosen as the smallest in which 10 replicates could be taken without the operation 
disturbing adjacent replicates. 
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Cumulative Species Curve 
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Figure 2.2 Cumulative species curve calculated from a pre-study trial. 
7 
To further assess the reliability of the estimates of abundance and biomass, an 
additional trial sampling was conducted at one chosen site (Poiut Walter), in which 30 
replicates were taken from an area approximately 20 m from the main sampling location. 
The data obtained here was also used to assess how well the sample locations represented 
the site. 
Sorting and Identification 
Each core was removed from the water, placed on a hand-held I mm sieve, and 
gently washed, using water from the site. All material retained on the sieve, wirich 
included live animals, seagrasses, shells, large sand grains and coarse particulate organic 
matter, was t1ten placed in a plastic food container, labelled, stored on ice within eskies 
and returned to the laboratory. All live bivalves and macrophyte material were carefully 
extractl!:i and preserved in glass jars containing 5% fonnalin solution for later biomass 
analysis. Bivalves were considered live if body flesh was present within the shells; this 
did not include articulated valves with only ligament present. Bivalves were identified 
and counted to species level using Wells (1984) with .Jcntifications being confirmed by 
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Mrs Sb;rley Slack-Smith of the WA Museum. Sorting occurred within I or 2 days of the 
samples being taken. Each replicate was sieved, packaged, sorted, counted and prese,JVed 
separately. 
2.2.2 Bivalve biomass 
Measuring biomass provides additional scope for the assessment of bivalves as 
biological indicators. Viewed together with abundance a more meaningful assessment of 
change cau be made (Sheehan 1984). 
Biomass for benthic invertebrates can be given as wet weight or dry weight -
including the shell for Mollusca, or as dry weight - flesh only (Crisp 1984). Warwick 
(1986) suggests that for the Abundance Biomass Comparison technique, either wet or dry 
weight could be used. The study which provides the major historical comparison gave 
wet weight measurement (Rose 1992). 
Gathering biomass data for molluscs is extremely time consuming and forms a 
distinct impediment for the use of this structural attribute as an indicator. For dry weight 
measurement, the flesh needs to be removed from the shells, and for wet weight, shells 
need to be prised open to remove water trapped within the valves (Crisp 1984). 
The present study sought to establish a relationship, through regression tmalysis, 
between shell length and both dry and wet weight for the four most abwtdant bivalve 
species. 
Individuals of each of the four most abwtdant hiva~ve species sampled in the study 
(M senhousia, X securis, I. crenata and S. biradiata) were analysed. Shells were firstly 
opened and patted dry to remove excess water as advised by Crisp (1984) and followed 
by Rose (1992). Each individual was then measured to the nearest 0.25 mm, 
posterior/anterior as per Wilson (1968), and wet-weighed to the nearest 0.5 mg. 
Bivalves were then dried in a Contherm Series 5 drying oven at 600 C (Crisp 1984) to a 
constant weight (achieved after 24 hours) and reweighed immediately, to give dry weight 
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with £hell. The flesh was then scraped from the shells and weighed to give dry weight -
flesh only. 
Highly significant correlations were fmmd using natura] logarithmic transformed 
measurements between shell length and each (If the weights measured {P < 0.001). 
Regression equations were created using the SPSS for Windows statistical package and 
are shown in Table 2.!. 
Biomass - wet weight with shell, dry weight with shell and dry weight flesh only, 
for each replicate for each species, could then be estimated by measuring the shell of each 
bivalve and applying the regression. Biomass for the less abWidant bivalves was 
estimated using the regression of the closest matching analysed spedes. For example the 
regression for S. biradiata was used to estimate biomass for T. deltoida/is due to their 
similarity in both shape and size. 
2.2.3 Seagrass biomiJSs 
To provide temporal comparison with a previous study by Hillman (1985) the 
biomass of seagrass was determined. In addition, while relationships between bivalves 
and the presence/absence of seagrass might readily be established, the relationship 
between bivalve abundmce and biomass and sea grass biomass, could also be tested. 
For each replicate the scagrass was divided into bei•J\V growtd (root and rhizome) 
and above ground (lea£: bud and stem) portions. This material was washed to remove 
sediment particles. Fine roots (approximately < 0.5 mm), which were difficult to wash 
and separate from fine grained sediment, were discarded from all replk.ates, hence 
underestimating the below ground biomass. An insp~ction of the extent of epiphytic 
growth on the leaves of the sea grass was made and foWid to be insufficient to weigh. 
There were also small portions of other macrophytes and detrital material which were 
grou~·ed as 11other11 and weighed separately. Dry weight was determined by weighing after 
oven drying at soO C to a constant weight (achieved after 24 hours). 
' I ,. 
j 
1 
---- .- ..... 
---- ,_t--
ii'-
Species 
M. senhousia 
wet with shell 
dry with shell 
dry-flesh only 
X securis 
wet with shell 
dry with shell 
dry-flesh only 
S. biradiata 
wet with shell 
dry with shell 
dry flosb only 
I. crenata 
wet with shell 
dry with shell 
dry flesh only 
length 
ran~.; (mm) 
8- 30 
5-32 
10-42 
5- 19 
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b 
2.545502 
2.799371 
2.112590 
2. 799929 
2.972981 
2.220957 
3.056552 
3.303575 
2.660157 
2.649519 
2.868023 
a 
-1.560948 
-3.101574 
-3.107319 
-2.363818 
-3.6086ll 
-3.585800 
-2.881970 
-4.669725 
-4.070763 
-1.287960 
-2.424929 
r 
0.97 
0.99 
0.81 
0.97 
0.92 
0.92 
0.99 
0.98 
0.90 
0.98 
0.98 
ll 
188 
188 
81 
163 
92 
92 
99 
98 
45 
67 
67 
Table 2.1. Relationships between shell length x {mm) and weight (mg) according to ln{yl "' 
b.ln(x) + a. r = correlation coefficient, n = number ~ampled. {/. crenata dry flesh weight 
not included) 
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2.2.4 Sediment characteristics 
To establish the effect of sediment characteristics on bivalve distribution and 
abundance, particle size analysis was performed. At each site one sediment sample was 
taken froru v.rithin the deep sample location using the corer. This was placed directly into 
a plastic food container and returned to the laboratory where it was spread on trays and 
oven-dried at 700 C to a constant weight (achieved after 48 hours). The sample was 
then weighed and separated into particle sizes- >2, 2-1, 1-0.5, 0.5-0.25, 0.25-0.125, 
0.125-0.063, and< 0.063 mm using sieves and an automatic shaker. Each size range was 
then weighed and a proportion by weight was calculated. 
To determine the percentage content of fin~ particulate organic matter (FPOM) in 
the sediment, (as loss on ignition), a subsample of approximately 2 g was taken from each 
sediment sample, weighed exactly, and placed in a muffle furnace at 5500 C until a 
constant weight was reached (achieved after 1 hour), then removed and immediately 
reweighed according to Dean (1974). 
2.2.5 Abiotic and other biotic measl',res. 
Physico-chemical characteristics 
At the time of bivalve sampling, salinity, pH, temperature, dissolved oxygen, and 
redox potential, were recorded at each site, ai. the surface and bottom of both the deep 
and shallow locations, using a Data Sonde 3 (r) Submersible Water Quality Data Logger. 
To establish the hydrological conditions throughout the Estuary during the winter flow 
event, these propetties were also measured after the first significant rains on 25/6/94, and 
again on 3017/94 and 10/9/94 at each site. 
Environmental variables measured throughout the yea I' 
To investigate the re]ationshi!• between bivalves and phytoplankton, chlorophyll a 
as a measure of biomass was estimated at each site on three occasions over the study 
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period. A 1 litre water sample wns taken using a plastic milk container (pre-washed with 
phosphorus~free detergent and rinsed), from 5 em below the surface of the deep location, 
at each site on three occasions throughout the year. Titese were placed on ice in eskies 
and retumed to the laboratmy for immediate filtering (within 4 hours of sampling). Each 
sample was passed through a Sartorius (r) 0.22 urn Cellulose Acetate membrane filter 
using a filter tower and vacuum flask. Approximately I g of calcium chloride was added 
to the last lOOml of the sample as it was being filtered (Parson 1984). The filter papers 
were then placed in frozen storage for later detennination of analysis. 
Upon thawing, each filter paper was placed in a plastic centrifuge tube with 3 ml of 
90% aqueous acetone solution and macerated by hand using a glas;:; rod. A fiuther 7 ml 
of solution was then added to each tube whic-h was then \VTappcd in aluminium foil and 
placed i:n a refrigerator at 40 C for 24 hours for ste.etJing. Tubes were then placed in a 
centrifuge (Banuico model Hettich Universal) at 500 G for 20 minutes ( 1000 
revolutions/minute). The supematant was then gently decanted into 1 em '!_Uartz cuvettes 
and absorbance detennined by a spectrometer (Shimadsu model UV~l20l) at 663 nm, 
645 nm and 630 nm. Chlorophyll a as ug/1, was then calculated using the fonnula 
outliued in Clesceri eta/. (1989). 
2.2.6 Data analysis 
Den.,ity and biomass 
For between site comparisons, presentation of results, and comJJarisons with 
previous studies, arithmetic means of abWldance and biomass were calculated from 
replicate data for each individual species, and for all species combined, for both the deep 
and shallow locations withiu each site. Titese data were then converted to density and 
biomass per m2 for each location within each site. 
To provide an estimate of the contribution of bivalves to the ecosystem, estuary~ 
wide mean density and biomass for an bivalves combined, and for individual specie$, were 
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calcul:lted. All replicates taken across a particular species distribution were included for 
mean calculations. For total bivalve density and biomass, a pool of all replicates was 
used. 
For comparison with previous studies, mean seagrass biomass at a particular site 
was calculated using only those replicates taken from seagrassed areas. 
For between-site comparisons and relationships with bivalve abtmdances, a further 
mean sea grass biomass was calculated using all site replicates including those taken from 
bare (non-seagrassed) snbstratc. 
To test the hypothesis that total bivalve abundance was independent of depth and 
site a two-way analysis of variance (ANOVA) was performed- total bivalve abundance 
being the dependent variable vvith, 25 sites, 2 depths being the two factors. The package 
SPSS was used on log(l+x) transfonned data. The ANOVA was repeated with biomass 
as the dependent variable. 
To test the hypothesis that each individual species abundance was independent of 
depth and site a two-way analysis of variance (ANOVA) was performed- individual 
species abundance being the dependent variable with sites and two depths being the two 
factors. llte package SPSS was used on log( 1 +x) transfonned data. The AN OVA was 
repca~ed for each species abundance data and also repeated with biomass as the 
dependent variable for each species. Only tltose sites across the patticular spectes 
distributions were included. 
A single factor ANOVA was perfonned to test the hypothesis that there was no 
difference in bivalve abundance between all replicates taken in seagrass and all those 
taken on bare substrate. Only those sites across the seagrass distribution were included. 
The AN OVA was repeated for each S}Jecies and for biomass. 
Correlations 
Linear correlations were used to establish relationships between ablllldance and 
biomass of bivalves (combined and individual species) and the measured environmental 
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factors, usmg the Pearson correlation coefficient and the statistical package SPSS. 
Faunal data was LoglO(x+ 1) transformed. 
For individual species correlations, only those data from sites across their 
distribution were included in the correlation. lbe rationale being that salinity would play 
a major role in estuary wide distributions, and as Hodgkin (1987) points out, other local 
factors are likely to contribute to particular site abundance for a given species. Therefore 
if correlations were taken including all sites tills would provide little information above 
that already discerned from the effect of salinity. 
Classification 
Classification techniques provide a measurement of similarity between sites. To aid 
the interpretation of Estuary-v.ride trends in bivalve distribution and abundance two 
techniques were used. Sites were dassified based on individual species mean abundance 
data from the deep locations only, using the polythetic divisive method ofTWINSPAN 
(Kent and Coker, 1992). 
The hierarchical classification (UPGfVIA) of the software package PATN (Belbin, 
1989) was used to classify all deep and shallow locations (based on abundance data for 
each individual species). Titis classification was performed to fmther examine differences 
in deep and shallow locations. 
Cut levels for TWINSPAN were 0, I, 10, 100, 1000. Data was Log!O(x+I) 
transfonned to reduce the influence of extremely abmtdant species, for use in PA TN. 
Ordination 
The above classifications, which produce de11drograrns of similarity, fire difficult to 
interpret, particularly in discerning the relative closeness of sites. Ordination techniques 
provide a readily interpretable picture in which sites are placed in relation to their 
similarity (Clarke 1993). 
•::;-' . 
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Ordination of sites usmg species abundance data was performed usmg the 
multidimensional semi~strong hybrid scaling (SSH) option in PATN. Kulcaynski's 
association measure option was used within the ordination. For intcrpretJtion and utility 
the interaction between the number of dimensions used and the stress levels is au 
important consideration. Achieving stress levels of below 0.2 whlle using the lowest 
possible number of dimensions is the aim (Clarke 1993). A stress value of below 0.2 was 
achieved within 3 dimensions with no improvement after 100 iterations and different 
random starting points. 
The ordination solution was then graphed with sites grouped as per tlte 
classification produce by PATN. 
'",• · .. -, 
"''•"', 
34 
2.3 Results 
2.3.1 Int!!rpretation 
Throughout this Chapter the three divisions ofChahner e/ a/. (1976) are used for 
geographical distinction ~ the Lower Estuary from the new Fremantle Traffic Bridge 
(FIB) to Blackwall Reach (BR) inclusive, Middle Estuary from Chidley Point (CP) to 
Heirisson Island (HI) in tl1e Swan River and to Salter Point (SP) in the Canning River, 
and the Upper Estuary which takes in both the Swan River from Heirisson Island to Ellen 
Brook (EB) and the Canning River from Salter Point to Riverton Weir (see Figure 2.1). 
The word "site" is used to refer to any of the 25 general areas in the Estuary from 
which samples were taken. The word "location" is used to refer to the deep and shallow 
sample areas within a particular site. Unless otherwise mentioned site measurements 
refer only to those gathered at the deep location. 
As salinity is considered the master factor in estuaries and a salinity gradient has 
been shown to be related to distance from mouth in the Swan Estuary, data is presented 
in longitudinal profile. All graphs displaying variables as tltey apply to the whole Estuary. 
show the mouth of the Estuary at the left, and the upper reaches at the right. Sites are 
spaced along an axis diagrammatically to indicate distance from the mouth, with the 
exception of the distances to the Helena r...iver and Ellen Brook sites, which are not to 
scale being 15 km and 35 km respectively upstream of Heirisson Island. Distance from 
the farthermost downstream site to Heirisson Island is approximately 23 km, and to 
Riverton Weir approximately 25 km. It should also be noted that both river anus of the 
Estuary, the Swan and the Canning, appear on the same axis - distance from mouth being 
the overriding factor for interpretation. 
Sampling integrity 
Standard errors for bivalve density and biomass estimates ranged from 11% to 27% 
of the mean throughout the Estuary (see raw data in Appendix 3). There were no 
35 
consistent trends in any one variable being measured with less error than another nor was 
any one species consistently measured with lower error than another. 
Seagrass biomass was sampled with a SE ofbetween 10%- 15% of the mean at all 
sites. 
There were very highly significant differences (p<O. 001) in total bivalve density and 
biomass between the trial of30 replicates and the main sampling at Point Walter (Figure 
2.3). The implications of these differences will be discussed later. 
Mean bivalve abundance Mean bivalve biomass 
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Figure 2.3 Comparison of mean bivalve abundance and biomass taken at Point Watler during 
the main sampling and during a trial. 
2.3.2 Environmental factors 
Abiotic measurements were taken at the time of sampling and reflect conditions 
within the Estuary for 1994. As mentioned, bentlric assemblages for 1994 were largely 
determined by the previous winter of 1993. Factors such as sediment characteristics 
would be least likely to change, whereas salinity may vary considerably, however, both 
years had similar rainfall and rmwff(shown in Figures 3.4 and 3.5 in Chapter 3). 
Physicochemical variables - pH, dissolved oxygen, l!Jld redox potential, detailed in 
Appendix 2, did not vary significantly between top and bottom of the w,ater colulllll nor 
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between deep and shallow locations at any site. Temperature varied slightly, although no 
more than 1.5 degrees C between surface and bottom, and between shallow and deep 
locations. There was a marked halocline recorded in June at Salter Point and Canning 
Bridge sites immediately after the winter river flow began, however, this occurred at no 
other site, and had disappeared by July. Apatt from these readings, salinity did not vary 
between surface and bottom or between deep and shallow locations at any site, at any 
single recording time. Dissolved oxygen remained above 8 mgfL at all sites at both 
surface and bottom. 
Temperature remained almost uniform throughout tlte estuary at each recording 
time with mean in winter of 15.7 0 C and in summer 24.6 0 C. The exceptions were the 
upper-reach sites which had slightly lower temperatures in winter. Similarly, pH followed 
this same uniform trend with each reading, with mean pH remaining between 7.5 and 8 
throughout the study peliod. 
Because of the small variability between sites in the above water parameters they 
were not considered in the analysis of predictors of bivalve abw1dance and biomass. 
As expected, the Lower and Middle Es!uary were dominated by marine conditions 
for the summer/autumn peliod - March to the beginning of Jw1e (Figure 2.4). At the 
same time Perth Water in the Upper Estuary also experienced marine conditions, while 
further up stream at Helena River ma,imum salinity reached only 24 mS/cm during tills 
summer/autumn period (Figure 2.4). The up-river sites of the Canning River recorded 
higher salinities than those of the Swan in March. 
The effect of the winter nmoff was evident in the readings taken in winter and 
spring. In the Middle Estuary the lowest salinity recorded at any site was 20 mS/cm over 
the study period, willie in the Lower Estuary 40 mS/cm was the lowest. All Upper 
Estuary sites dropped to below 10 mS/cm over the winter runoff period. A longitudinal 
profile of salinity taken in March (summer), is compared with that taken in June (winter) 
and is shown in Figure 2.5. 
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Figure2. 4 Top: salinity recorded at selected sites in the Middle and Lower Estuary. 
Bottom: at selected sites in the Upper Estuary, Swan River. (between the March to June 
reading no rainfall was recorded} 
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Chlorophyll a was lower in the Lower Estuary compared with the :Middle and 
Upper sections for the study period (Figure 2.6). AU three samplings appear to follow an 
estuary-wide trend, although the summer samples show high values for the upriver sites, 
which is expected (Jack 1987). There is an increase in biomass in the Middle Estuary 
shown by all readings, with peaks shifting within this general area perhaps in response to 
changing local hydrological conditions. The values shown are within the range of values 
taken throughout 1981 for the Middle and Upper Estuary (John 1987). 
The content of fine-particulate organic matter within the sediment also illustrates a 
longitudinal pattem in the Estuary (Figure 2. 7). Higher content is fotmd in the Lower 
and Upper Estuaries than in the Middle Estuary. A conclation between FPOM and 
percentage of gr::tin size less than 0.125 mm (Figure 2.8) y as highly significant (P<O.O 1 ). 
This is also mentioned in the literatme (e.g. McLusky and Elliott 1981). The Middle 
Estuary figures are similar to those recorded for 1985-87 (Rose 1992). 
Sediment grain size analysis shows some longitudinal pattem, with coarser-grain 
sand predominant in the lower part cf the Middle Estuary :tnd again in Perth Water 
(Figure 2.8). 11t;.;; proportion of finer grain sizes is greater at botlt the Lower and Upper 
ends of the Estuary. There arc some exceptions to the pattem, for example Lucky Bay 
which is dominated by 0.5 mm - 1 mm size, rumsual for that part of the estuary, and 
Alfred Cove which has a relatively high proportion of fine particles. 
Seagrass (Halophila ova/is) biomass at each site is shown in Figure 2.9 (means and 
SE appear in appendix 2). There is a reduction in biomass at sites arowtd the boundary 
between the Lower and Middle Estuary. Two of tl.ese sites, Clridley Point (CP) and 
Suger Refinery (SR) had steeper, rockier shores than other sites and Point Walter is 
typically low in biomass (pers. comm. Knren Hillman). 11te upper limit of H. ova/is 
distribution during t11is sampling period was Salter Point (SP) in the Canning River, 
however there was insufficient quantity to weigh. Its distribution has varied little since 
1976 (Hilhnan 1985) while mean biomass of30 g dw m2 is wcU below that found in the 
Estuary inl982 (Hillman 1985), (for a fuU analysis of changes in seagrass see Chapter 3). 
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Figure 2.6 Chlorophyll a. at each site for three sampling times conducted throughtout the 
year. 
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Figure 2.9 Seagrass g dry weight per m2 showing above and below ground portions for 
each site. 
, 
i 
-! 
-! 
j 
I 
I 
43 
2.3.3 Bivnlve distribution and abundance 
Mean abundance and biomass with standard errors, recorded at each site for each 
bivalve !:>'Pecies, appear in Appendix 3. 
M. senftousia 
M senhousia was: distributed throughout the Middle Estuary with dense 
populations of 2372 individuals per m2 around the lower section of this part of the 
Estuary (Figure 2.10). These densities are equal to those given by Morton (1974) forM 
senhousia in its natural range. Upstream of both the Narrows and Crumiug Bridges 
where salinity remains below 20 mS /em for extended periods (see Figure 2.4), density 
drops to around 4 per m2. It has been recorded as far up the Estuary as East Street Jetty, 
Maylands (pers. observ.). It was also recorded in the Lower Estuary at one site 
(Blackwall Reach) in low numbers. 
In the Middle Estuaty, density was significantly correlated to both mean chlorophyll 
a values, and to sediments with ..: high percentage of grain size greater than 1 mm (Table 
2.2). M. senhousia has been described as being associated \vith "mud" by Morton 
(1974) and Slack-Smith and Brearley (1987). Morton (1974) does say elsewhere that it 
was responsible for transfonning a coarse-sand shoreline into a mud flat by the 
accumulation of faeces and pseudofaeces. Tills study confirms the possible affinity with 
coarse sand. 
Sediment grain size as a possible limiting factor is demonstrated by the dramatic 
drop in its density around Freshwater (FB) and Mosman Bays (MB). Titese are 
geographically close to the 3 most abundant sites, with similar salinity regimes and have 
similar sea grass beds, but difl:erent sediment grain-size composition. 
Few individuals were fmmd in the Lower Estuary where at least two sites appear to 
have suitable sediment cl1aracteristics. Phytoplankton biomass was reduced in tltis part of 
the Estum.y over the study period (see Figure 2.6), which may place a restriction on 
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Musculista senhousia - abundance 
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Figure 2.10 Musculista senhousia Top: mean abundance - individuals per m2. Bottom: 
mean biomass - g wet weight per m2 collected from the deep location at each site. 
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Museu/isla Sea- Chlor a FPOM Sediment grain size 
senhousia grass >I= 0.5-luun 0.25-0.5 0.125-0.25 
Abundance r -0.37 0.66 -0.37 0.59 -0.04 -0.05 -0.23 
p 
** * 
Biomass r -0.2 0.51 -0.12 0.62 0.1 -0.14 -0.26 
p • • 
Table 2.2 Musculista senhousia results of linear correlations of abundance and biomass 
against environmental coflditions, correlations (n= 16). Seagrass = biomass, FPOM = % 
fine particulate organic matter, Chlor a = ug/1. * P < 0.05 • significant. ** P < 0.01 · 
highly significant, 
< 
.125 
-0.17 
-0.28 
M. senhousia Deg. offreedom F value Signilicance ofF 
Source of variation 
ABUNDANCE 
x depth I 9.5 ••• 
x site 12 22.3 ••• 
site x depth 12 6.2 *** 
BIOMASS 
x depth I 10.6 ••• 
x site 12 15.5 ••• 
site x depth 12 5.4 *** 
VEG./NONVEG. 
At.undance 1 6.5 • 
Biomass 1 8.1 •• 
Table 2.3 ANOVA results for difference in abundance of M. senhousia between depths 
and betweens sites, and in biomass between depths and between sites. 
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mussel abundance. This section of the Estuary fonns a channel, so some hydrological 
factor(s) may also be excluding M senhousia. 
At deep locations significantly more individuals and biomass of M senhousia was 
found within seagrassed replicates (Table 2.3). No significant correlations existed 
however between mean seagrass biomass and M. senhousia numbers, or biomass. 
Correlations were also sought on a pool of replicates from the 3 most abundant sites, to 
detennine whether dense mussel beds were affecting seagrasses, with again no significant 
results. 
Table 2.3 show the re~ults of the ANOVA between M senhousia abundance x 
depths x sites and between biomass x depths x sites. There were very highly significantly 
(P<O.OOl) greater number and biomass of M senhousia fmmd in deep locations 
compared with the shallow. M senhousia was however found at 108 individuals per m2 
at some shallow locations where it had fom1ed intertidal populations on unvegetated 
substrate e.g. Pelic;m Point and Point Dundas. 
S. biradiata 
h1 the Swan tltis study found S. biradiata distributed throughout the Low~r and 
Mjddle Estuary. No longitudinal trenrl in abtmdance or biomass is apparent from Figure 
2. II. 
"fltere was no significant correlation between abundance or biomass and fine 
particulate organic matter \\~thin the sediment (Table 2.4). In the deep location 
abundance and biomass were not significantly different between vegetated and non-
vegetated replicates (Table 2.5). 11tere were significantly greater biomass in the deep 
locations than the shallow but not when abundance was compared (Table 2. 5). 11tis may 
indicate that S. biradiata may prefer the slHJIIow bare substrates fOr settlement but later 
move into the deeper seagrassed areas where increased detritus availability is more 
favourable for growth. 
-----~ -~------~~~ 
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Soletellina biradiata - abundance 
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Figure 2.11 S. biradiata mean abundance - individuals per m2, and mean biomass - g 
wet weight per m2 at each site. 
., 
Diomass r 
p 
-0.19 
N/S 
-0.12 
N/S 
0.03 
N/S 
-0.04 
N/S 
-0.1 
N/S 
0.37 
N/S 
-0.24 
NIS 
Table 2.4 S. biradiata result:. of ',inear correlations of abundance and biomass against 
environmental cond:tions, cor•elations (n"" 17), Seagrass = biomass, FPOM "" % fine 
particulate organic matter, Chlor a == ug/1. • P < 0.05 - significant. ** P < 0.01 - highly 
significant, 
-0.22 
N/S 
S. biradiata 
Source of variation 
Deg. of freedom F value Significance ofF 
ABUNDANCE 
x depth 
x site 
site x depth 
BIOMASS 
x depth 
x site 
site x depth 
VEG./NONVEG 
Abundance 
Biomass 
1 
16 
16 
I 
16 
16 
l 
I 
1.1 
11.5 
2.7 
9.4 
8.0 
7.1 
1.0 
0.4 
N/S 
*** 
*** 
** 
*** 
*** 
N/S 
N/S 
Table 2.5 ANOVA results for difference in abundance of S. biradiata between depths and 
between sites and in biomass between depths and between sites. Also showing arc results 
from a single factor ANOVA for difference in abundance between vegetated and non-
vegetated rsplicates. N/S - Not Significant, • P < 0.05 - significant , ** P < 0.01 -
highly significant , ....,.,. P < 0.001 very highly significant. 
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A significant correlation existed between S. biradiata abwtdance, but not biomass, 
and the proportion of sediment grain size between 0.25 - 0.5 rum. TI1ere were only 6 
individuals of S. biradiata, from only 1 replicate found at the 3 sites where M. senhousia 
was dominant. S. biradiata may have difficulty extending siphons to the surface through 
dense M senhousia mats. 
L crenata 
In th~J present study I. crenata was found throughout the Middle Estuary, and the 
upper parts of the Lower Estuary (Figure 2.12). Its density trend mimics that of M 
senhousia with high numbers fotmd within the dense mussel beds at Chidley Point (CP), 
Point Walter (PW) aod Point Resolution (PR), aldwugh M senhousia is dominant by a 
factor of 10 at these sites. 
I. crena fa was rarely fotmd on bare substrate and significantly more were found at 
the deep locations than the shallow (Table 2. 7). It was also significantly correlated with 
mean chlorophyll a and with the proportion of sediment grain size greater than 1 mm 
(Table 2.6). The sediment characteristics and possibly the stabilising effect of both M 
senhousia and seagrass are perhaps providing opportunity for l crena/a to establish itself 
O!l these soft substrates. 
X securis 
Soft~substrate sampling in the present study fotmd X. securis to be abundant in the 
Upper Estuary with populations reaching 1500 animals per m2 (Figure 2.13). b1 the 
J\lfiddle Estuary it is far less abundant and was absent in the Lower Estuary. Individuals 
in lower parts of the Estuary are opportwte settlements that cannot reproduce as X 
securis require lower salinities than those of this part of the Estuary (Wilson 1969). 
Significant correlation existed between X securis and fine particulate organic matter in 
the sediment (Table 2.8). X securis numbers showed no significant difference between 
deep aod shallow locations (Table 2.9). 
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Figure 2.12 I. crenata Top:mean abundance - individuals per m2. Bottom: mean biomass 
- g wet weight per m2 collected from each site. . 
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Jrns Sea- Chlor a FPOM Sediment grain size 
crena/a grass >Imm 05-Inl!n 0.25-o . .s o.I25-0.25 < .125 ~~~--~~------------~ 
Abundance r 
p 
Biomass r 
p 
-0.37 
NIS 
-0.04 
NIS 
0.72 
** 
0.46 
NIS 
-0.21 
NIS 
-0.14 
NIS 
0.65 
* 
0.36 
NIS 
0.26 
NIS 
0.0 
NIS 
-0.5 
NIS 
-0.21 
NIS 
-0.24 
NIS 
-0.03 
NIS 
Table 2.6 I. crena/a results of linear correlations of abundance and biomass against 
environmental conditions, correlations (n = 15). Seagrass = biomass, FPOM = % fine 
particulate organic matter, Chlor a = ug/1. * P < 0.05 - significant. * * P < 0.01 - highly 
significant, 
-0.15 
NIS 
-0.1 
NJS 
1. crena/a De g. of freedom F value Sigoificance ofF 
Source of variation 
ABUNDANCE 
x depth 1 2.0 N/S 
x site 13 4.3 ••• 
site x depth 13 4.0 *** 
BIOMASS 
x depth 1 23.2 ••• 
x site 13 14.2 *** 
site x depth 13 12.4 *** 
VEG./NONVEG. 
Abundance 1 4.4 * 
Biomass 1 4.3 * 
Table 2.7 ANOVA results for difference in abundance of I. crenata between depths and 
between sites and in biomass between depths and sites. Also showing are results from a 
single factor ANOVA for difference in abundance between vegetated and non-vegetated 
replicates. N/S - Not Significant, * P < 0.05 - significant , ** P < 0.01 - highly 
significant , * * * P < 0.001 very highly significant. 
' ·. '·' ··•.'t·.·. --:-_,,.--.- .,, -- ---,--,-- -, ·--. - -- ~,----
52 
Xenostrobus securis - abundance 
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Figure 2.13. X Top:mean abundance - individuals per m2. Bottom: mean biomass - g 
wet weight m2 collected from each site. 
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Xenostrobus Sea- Chlor a POM Sediment grain size 
secw·is grass >1mm 0.5·1mm 0.25-0.5 0.125-0.25 < .125 
Abundance r 
p 
Biomass r 
p 
-0.37 
NIS 
-0,04 
NIS 
0.23 
Nffl 
0.22 
N/S 
0.63 
•• 
0.62 
•• 
0.1 
NIS 
0.05 
N/S 
0.35 
N/S 
0.42 
N/S 
-0.45 
ws 
-0.46 
NIS 
0.05 
NIS 
-0.01 
NIS 
Table 2.8 X securis results of linear correlations of abundance and biomass against 
environmental conditions, correlations (n = 16). Sea grass = bioma:~s. FPOM = % fine 
particulate organic matter, Chfor a = ug/1. * P < 0.05 - significant. ..... P < 0.01 -highly 
significant, 
0.46 
NIS 
0.49 
• 
X secw·is De g. of freedom F value Sigoificance ofF 
Source of variation 
ABUNDANCE 
x depth 
x site 
site x depth 
BIOMASS 
x depth 
x site 
site x depth 
1 
4 
4 
I 
4 
4 
0.2 
25.7 
15.0 
0.0 
30.0 
6.7 
N/S 
••• 
••• 
N/S 
••• 
••• 
Table 2.9 ANOVA results for difference in abundance .X. securis between depths and 
between sites and in biomass between depths and between sites. N/S- Not Significant, * 
P < 0.05 - significant , "* P < 0.01 - highly significant , ** * P < 0.001 very highly 
significant. 
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T. deltoida/is 
TI1e distribution T. deltoida!is appears to be relatively restricted in the Swan wjth 2 
distinct groupings; one in the Lower Estuary and one in the upper section of the Middle 
Estuary (Figure 2.14). Mean density is similar to that given by Rainer (1981) for 
Cabbage Tree Basin Estuary, NS\V for this species. 
A highly significant correlation was found hetween T. deltoidalis density and fine 
particulate organic matter within the sediment (Table 2.1 0). TI1is relationship has also 
been established in other tcllinjd bivalves e.g. Macoma balthica (Newell cited in Kennish 
1990). No significant preference was displayed between vegetated and non-vegetated 
substrate, however there were significantly less found at shallow locations compare with 
deetJ (Table 2.11 ). Density was also significantly correlated to the finer sediments of the 
Estuary. 
S. trigo11ella 
S. tdgonella was recorded as being present throughout the Middle Estuaty and the 
lower section of the Upper Estuary. Only 4 of the deep locations had more than I 0 
individuals collected, with a total of only 63 collected for the whole estuary. It was found 
even less fi·equently in the shallow locations with a total 38 individuals for the whole 
Estuary. Papas (1994) found 78 individuals per m2 in deep locations of the Upper 
Estuary. Correlations with enviromnental fhctors were not attempted for this species, 
although its ex1ension into the Upper Estuary suggests it may tolerate the finer mud in 
this part of the Estuary. A positive relationship to fine sediment was also mentioned for 
this species by Poore and Kudenov (1978). 
L. australis 
Presence/absence data alone was recorded for Lasaea australis. Replicates which 
contained dead shells of this species were searched thoroughly until the first live specimen 
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Tellina deltoidalis - abundance 
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Figure 2.14 T.. deltoidalis Top:mean abundance - individuals per m2· Bottom: mean 
biomass - g wet weight per m2 collected from each site. 
' • 
-.· "---- -- ---,--,. -_-
Te!lina 
deltoidalis 
Sea-
grass 
Abundance r 0.14 
p N/S 
Biomass r 
p 
0.33 
N/S 
Chlor a POM 
-0.59 0.61 
* ** 
-0.52 0.65 
* *' 
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Sediment grain size 
>1mm 0.5-1mm 0.25-0.5 0.125-0.25 < .125 
-0.23 
N/S 
-0.28 
N/S 
-0.17 -0.15 
NIS N/S 
-0.26 -0.06 
N/S NIS 
0.55 0.5 
* * 
0.57 0.52 
* * 
Table 2.10, T. deltoidalis results of linear correlations of abundance and biomass agah1st 
environmental conditions, correlations (n = 16). Seagrass = biomass, FPOM = % fine 
particul3te organic matter, Chlor a = ug/L • P < 0.05 • significant ..... P < 0.01 -highly 
significant, 
__ ,, ___ --
T. deltoida/is De g. of freedom F value Significance ofF 
Source of variation 
ABUNDANCE 
x depth 1 58.6 *** 
x site 12 13.3 *'' 
site x depth 12 9.8 *" 
BIOMASS 
xdepth I 32.5 "' 
x site 12 8.2 *** 
site x depth 12 6.2 *** 
VEG./NONVEG. 
Abundance I 0.2 N/S 
Biomass 1 1.1 N/S 
Table 2.11 ANOVA results for difference in abundance of T. deltoidalis between depths and 
between sites and in biomass between depths and between sites. Also showing are results 
from a single factor A NOVA for difference in abundance between vegetated and non-vegetated 
replicates. N/S- Not Significant, * P < 0.05 -significant, .... P < 0.01 -highly significant, 
,....., P < 0.001 v~ry highly significant. 
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was found. An assessment of abundance from this procedure ~stimated a density ofbelow 
20 individuals per m2. It was present only in the Middle Estuary. 
F. suhtorta 
It is fowtd in estuaries throughout the Gouthwest ofWA. Chalmer eta/. (1976) 
recorded it tmder the name Anticorbu!a amum. Although not a musse~ it attaches itself 
to hard substrates in mussel-like congregations. This study collected it in soft-substrate 
from the Upper Estuary, Helena River site only. 
Musculista glaberrima (Dmtker, 1857). 
A few individuals of M glaberrima of the genus Museu/is fa, were found in the 
Middle Estuary. Tills species i3 only readily distinguishable from M seuhousia by its 
greener appearance. The Chahner eta/. (1976) study documented its presence in the 
Swan Estuary from Museum records alone, dated pdor to 1976. It is believed to be of 
marine affinity and has populations near Cockbum Sound, W.A. (Wilson and Hodgkin 
1967). 
Myti/us edulis planu/atus (Lamarck, 1819}. 
This is a large mytilid bivalve, usw1.1ly found attached to rocks and pylons, although 
Wells (1984) suggested it can also live amongst shells on soft-substrate. It is subjf':ct to 
haiVesting for both human consumption and fish bait in tills Estuary. Tltc only collection 
in the present study w.1s at Chidley Point where 3 individuals were found amongst M 
senhousia beds. There were extremely dense beds of A1. edu/is on soft substrate at this 
site in water below lm (pers. observ.), beyond the scope of this study. 
---- ...______., ___ --- ---·--------- --
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Artltritica semen (Menke, 1843). 
In the Swan Estuary the present study collected it from only 2 ~~itcjs in the Upper 
Estuary at density of only 192m2. Previously it had been recorded by Rose (1992) at 
densities of780 per m2 in the Middle Estuary and by Papas (1994) at 1523 per m2 in the 
Upper Estuaiy. 
Species absent. 
From WA Museum records, Chalmer eta!. (1976), listed 18 bivalves including the 
10 memioned above (excluding M senhousia), with permanent status in the Estuary. 
Seven of those missing from this study have marine affinity, with populations in the 
Lower Estuary only~ 4 of which are hard~ substrate dwellers. Theora lubrica, recorded 
by Chalmers et a/. (1976) as a recent invader of the Middle Estuary, is a deep, mud-
dwelling species and hence was not collected in the present study. 
2.3.4 Community measurements 
Mean densities aud biomass for each bivalve species and for ail species combined 
are shown in Table 2.12 and 2.13. Single species figures are consistent with those found 
in other estuaries. For example, the density of Afacoma balthica in the Fmth Estuary 
was given as ranging between 100- 400 animals per m2 (McLush.-y and Elliott 1981), and 
dry-flesh-weight figures given for the same species in the Ythan Estuary, Scotland, of 
4.57 g per m2 (Chambers and Milne, cited in Keunish 1990, pp 246). 
Maximum site density and biomass (all bivalves) was recorded at Point Resolution 
with 3716 individuals and 70 g dry flesh weight per m2. Titesc are below maxima quoted 
by Hebert et a!. ( 1990), of 6100 per m2 for the zebra mussel alone in Lake St. Clair, 
USA and also below the dry flesh weight of the mussel M edulis quoted by Vlolff( 1983) 
at between400 and 1422 g per m2. 
',-.;;,o--_ _, _ _._" ,_ ,- ·······4:_·· 1.--'.T"' • ---- r·,;''- _,-,- _,., 
I 
I 
59 
Estuary-wide figures for dry flesh weight for bivalves alone, (Table 7..13}, approach 
those given by Wolff (1983) for all macrobenthic species, and also equat~ with those 
given by Day et a/. (1989) of between 11.4 - 27.9 g my flesh weight per m2, for all 
benthic species. The high proportion of total benthic biomass occupied by bivalves is 
well recognised (Kennish 1990}. 
Deep location Shallow location 
Species No. I m2 S.E. No. I m2 S.E. n 
lvfusculista senhousia 452 90 107 33 130 
Xenostrobus securis 246 45 170 
(Upper Est. only) 654 108 686 137 60 
Soletellina biradiata 108 13 81 II 160 
Jrus crena fa 102 30 130 
Tel/ina de!toidalis 17 2 160 
Spisu/a trigonella 20 II 120 
Fluviolanatus subtorta 21 10 20 
Arthritica semen 192 41 20 
Estuary 571 70 288 108 250 
Table 2.12 Mean number of individuals per m2 for each species at deep and shallow locations. 
Calculated using all replicates from the particular species distribution only. Total Estuary figure is 
cah .• olated from all replicate data .. 
. _·,., .• _., • '"--'-i.' ._,., "'-"'"~'' '"'"''·'- """ ., .. ---. -~.---- .,,. _____ , .. 
wet weight 
Name g. m-2 (SE) 
M senhousia 181 (38) 
X securis 138 (28) 
(Upper Est.) 372 (72) 
S. biradiata 135 (21) 
I. crenata 30 (8) 
T. deltoida/i.<. 25 ~ ·1) 
'·'·• 
S. trigonella 4 (1) 
F. subtorta 
A. semen 
Estuary 318 (34) 
60 
dry weight 
g. m-2 (SE) 
85 (!8) 
71 (15) 
193 (36) 
53 (8) 
16 (5) 
10 (2) 
J (1) 
147.5 (15) 
flesh dw 
g.m-2.~s~EL_ ____ ~n~--~ 
10 (2) 130 
6.4 (1.3) 170 
17 (3) 60 
11 (2) 160 
0.8 (0.27) 160 
2 (0.3) 160 
0.14 (0.04) 120 
19 (1.8) 250 
Table 2.13 Mean biomass per m2 for each species. Calculated using all replicates from the 
particular species distribution only. Total Estuary figure is calculated from a pool of all 
replicates. 
The distributions of the 11 bivalve species collected are shown Figure 2.15. 
Bivalves clearly indicate the 3 part division suggested by Chalmer eta/. (1976). The 
Lower Estuary is defined by the absence of X securis and L. australis. The Upper 
Estuary is defined by the presence of A. semen and F. subtorta, and the absence of S. 
biradiata, !. crena/a and L. australis. TI1e upper boundary of the Middle Estuary is 
defined by the distributions of S. biradiata, !. crenata and L. australis and lower 
boundary by X securis and L. australis. Chalmer eta/ (1976) distinguished the Lower 
Estuary based on its higher species richness; this was not found to be demonstrated by 
bivalves in the present study. 1l1e absence from the study of7 species of bivalve known 
-:; 
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Bivalve Distribution 
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to inhabit the Lower Estuaty may be attributed tu !h1~ concentration on softpsubstrate 
sampling. 
TI1e theoretical trend of a lowering in species ridrne!-iS iP. response to decreasing 
salinity as one proceeds upestumy, is to some extent supported by bivalve riclmess (see 
Figure 2.16). For example, there were less species fmmd in the Upper Estuary where 
salinities beyond the Canning Bridge and Heirisson Island approach the theoretical critical 
point of 12 mS/cm (Wolff 1983) over winter, than in the lower sections. 
Site abwtdance and biomass given in Figure 2.17. for combined bivalves shows an 
extreme peak in the lower section of the Middle Estuary associated with M senhousia 
density. The Upper Esh1ary is dominated by X. secw·is and the Lower Estuary by S. 
biradiata. These changes in dominance between the three species again demonstrates the 
3 biotic divisions proposed by Chalmer eta/. (1976) 
There arc marked differences in the ratio between total bivalve abwtdance and 
biomass at sites where S. biradiata, is relatively abundant, for example Rocky Bay (RB) 
and Freshwater Bay (FB). Tiiis ls due to its dominance in biomass, being larger than all 
other bivalves, without dominating numerically. 
There were no significant relationships between site totals of abundance and 
biomass (all bivalves combined) and environmental conditions (Table 2.14). 
There were significantly lower numbers of bivalves collected in the shallow than the 
deep locations (Table 2.15). However at some sites, where X. securis dominates (Upper 
Estuary sites) and at others where S. biradiata dominates (Blackwall Reach, Freshwater 
Bay and Preston Point), there were no significant difference between the shallow and the 
deep £amples. Significantly greater numbers and biomass was collected from the 
seagrassed replicates compared with the non-vegetated replicates. 
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Combined Bivalve Abundance 
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Figure 2.17 Total bivalve density per m2 and biomass (wet weight} per m2, 
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All Sea- Chlora FPOM Sediment grain size 
Bivalves grass >I- 0.5 -lmm 0.25-0.5 0.125-0.25 .;: .125 
ALL SITES 
A bun d. r -0.3 0.!4 0.08 0.32 O.o7 0.14 
-0.21 
-0.25 p Nm N/S N/S NIS NIS NIS N/S NIS 
Biomass r -0.26 0.0 -0.08 0.39 0.06 0.!5 -0.23 
-0.35 p NIS NIS NIS NIS NIS NIS NIS N/S 
UPPER 
Abund. r -0.19 0.37 0.30 0.07 0.46 -0.22 
-0.22 p NIS NIS NIS NIS NIS N/S NIS N/S 
Biomass r 
-0.29 0.14 0.28 0.06 0.29 -0.5 -0.38 p NIS NIS NIS NIS N/S NIS NIS NIS 
MIDDLE 
Abund. r 0.13 0.25 0.28 0.69 0.03 -0.34 -0.20 -0.22 p NIS N/S N/S • N/S NIS NIS NIS 
Biomass r 0.10 0.19 0.14 0.69 0.03 -0.31 -0.29 -0.38 p N/S NIS NIS • N/S N/S NIS N/S 
LOWER 
Abw1d. r -0.56 0.48 0.01 0.18 0.37 -0.25 -0,04 0.05 p N/S NIS NIS NIS NIS NIS NIS NIS 
Biomass r -0.49 0.35 0.18 0.18 0.36 -0.21 -0.07 0.05 p NIS N/S NIS N/S N/S N/S N/S NIS 
Table 2.14 All bivalves combined abundance and biomass correlated against environmental 
conditions, linear correlations for all sties (n = 25), for Upper Estuary sites only (n = 9), for Middle 
Estuary sites only (n = 12), and for Lower Estuary sites only (n = 6). Seagrass = biomass, FPOM 
= % fine particulate organic matter, Chlor D = ug/1. ** significant at 0.01 level, * significant 
at 0.05 level. 
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Source ofvariation 
All bivalves 
ABUNDANCE 
x depth 
x site 
site x depth 
BIOMASS 
x depth 
x site 
site x depth 
VEG./NONVEG. 
Abtmdance 
Biomass 
Biomass 
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De g. of freedom 
1 
20 
20 
1 
20 
20 
1 
1 
Fvaluc 
12.0 
17.1 
8.1 
17.6 
13.8 
5.7 
6.5 
10.5 
·significance ofF 
••• 
*** 
*** 
••• 
*** 
••• 
* 
•• 
Table 2.15 ANOVA resul!s for difference in total bivalve abundance between depths and sites 
and in total biomass between depths and sites. N/S- Not Significant, •• P < 0.01, **"' P < 
0.001. 
Classification and ordination 
The results ofTWINSPAN site classification, for deep locations only, are shown in 
Figure 2.18. TI1e groupings demonstrate that, within a general estuary-Mde pattem, 
there arc also local factors influencing bivalve commtmity. For example the classification 
produced 4 main groups spaced along the estuary, however, 2 sites in the Middle Estuary 
were included in a Lower Estuary group and a further 3 sites were placed in a separate 
·group. TI1e relationships already demonstrated for individual species provides some 
interpretation to these anomalies. T. deltoidalis is responsible for grouping the 2 Middle 
Estuary sites with the Lower Estuary and this shows a strong relationship to FPOM. The 
.,, .. 
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Upper estumy 
Middle Estuary 
FB 
Upper estumy 
Lower Estum:y 
IN DI CATO R SPI~CIES 
e - T delto!dalis. 
• - M. senl7ousia. 
• - S biradiata. 
• -X securis 
• - F subtorta 
F igure 2.18 Swan Estuary showing sites as grouped by 1WINSPAN. 
FTB - Fr~mflll ll <· Trn.mc Bridge. NF - Nm1h Fremrutl le , EF - P resion Point, Rn - Rocky Bay, SR - Point Roe, BR - Blad :wall 
Rench: CP · Chidley P oint , PW.- Poi nt Wnllcr. MB- Mosmflfl B ny, PG- Peppcnnint Grove, FB - Frcshwnter Boy. PR - Point 
Resolution. AC' - Point \Vaylen. PP - Pelic;ut Point, LB- Luck-y Bay, PD - Point Dundns, CB - Canning Bridge, CM -Como. SB -
Swan Brewery. SP - Snlter Point. PER - Perth \Voter. III - Heirisson Islnnd, RW - Riverton Weir. liD. - Helena Ri ver. EB -
Ellen 13rook, 
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separation of the 3 Middle Estuary sites was caused by the absence of M senhousia and 
is accounted for by the lack of sediment grain sizes above 1 mnL 
A classification and ordination was also produced on abundance data for all 
locations (deep and shallow) using PATN. Figure 2.19 gives the ordination solution for 
the strongest axis (1 vs 3) showing groupings assigned by PATN. Clear distinction is 
made for those locations where X securis was found which reflects its dominance at 
these sites. The same ordination is displayed coded by deep/shallow locations (Figure 
2.20) and shows no separation. A separation into Lowertrvliddle/Upper locations, when 
the ordination is viewed with Estuary divisions coded, can be seen in Figure 2.20. 
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D M. senhousia + S. biradiata 
(h;gh) 
• F. subtorta 
• 
• 
• • 
0 0 
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~ 0. 
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F·igure 2.19. PATN ordination solution (1 vs 3) for location abundance data (deep and 
shallow) showing groupings and indicator species. 
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Figure 2.20. PATN ordination solution (1 vs 31 for location abundance data (deep and 
shalfow) Top : coded by locations deep/shallow, Bottom : coded by Estuary divisions 
lower/Middle/Upper. 
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2.4. Discussion 
The objectives of this Cha}-JtCr were to provide an assessment of bivalves as 
biological indicators in terms c·f their ability io indicate environmental ~onditions, their 
relative ecological co:-ttribution to the E.stual)' and their reliability ofmeamrement. 
The study investigated six major environmental factors in relation to bivalve 
distribution, abundance and biomr:.ss: 
• salinity 
• sea grass 
• depth 
• phytoplankion 
• FPOM 
• sediment grain size proportions 
Salinity and hmgitudinal pnttt~rns. 
Bivalve community composition changes longitudinally inferring a relationship to 
salinity which shows conesponding longitudinal gradient. Bivalve distributional pattems 
as found in this study support the three part biotic division of the Estuary made by 
Chalmcr eta!. (1976) Commwtity classitlcation by PATN corroborates these findings, as 
do dom·!llaucc pattcms which change in coincidence with the three sections- i.e. Lower-
S biradiata, Middle - M. senhousia, Upper - X securis. Since other biotic 
components have also teen silO\VIl to be distributed according to by these divisions (e.g 
other benthic fauna Chalmer eta!. 1976; fishes - Loneragan eta!. 1987; phytoplanlLon -
Jolm 1987) these dominant bivalve species could be used to represent the wider 
community. 
In the }Jresent study there were less bivalve species fmmd in the Upper Estuary, 
which is more severely affected by the winter flood event, than the Middle E~tU.'l0. The 
Upper Estuary did not attain full marine conditions during the summer no-flo v period, 
whereas marine conditions were evident for extended periods in the Middle Estuary. Tite 
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theoretical low salinity point for species richness (Wolff 1983) also occurs in the Upper 
Estual)' which supports the findings on bivalve ric!mess in this part of the Estuary. 
Tite bivalve community of Perth Water has some comiJOncnts of the Middle 
Estuary faillla (M senhousia and T. deltoidalis). TI1ey were found in low numbers only, 
witich reflects the small window of opportunity for the dispersal of marine affinity species 
into this area. 
Salinity may not, however, be the master factor involved in separating bivalves in 
the Lower from tile Middle Estuary. lltere is a dramatic jump in bivalve abtmdance and 
biomass immediately one crosses the boundary from the Lower to the Middle Estuary 
(see Figure; 2.15 ). This corresponds to an equally dramatic chnnge in topography at this 
point as the tidal channel ofthe Lower Estuary opens into ilie wide expanse of the Middle 
Estuary. Winter salinity only marginally (and gradually) drops from 40 mS/cm to 35 
mS/cm between the Fremantle Traffic Bridge in the Lower Estuary, and Point Walter in 
the Middle Estlmy (see Figure 2.3). This length of Estuary ex1Jeriences essentially the 
same duration offull~marinc (summer) conditions. Scagrass presence and biomass found 
in the Lower Estuary equalled that found the Middle Estuary as there are small shallow 
banks in the Lower Estuary. Other hydrological factors such as water movement, which 
is an important force in larval settlement pattems (Kennish 1990), may significantly 
influence the biotic discrimination of these divisions - at least in some years. Sediment 
grah1 size composition and Chlorophyll a over the study period, also showed a definite 
demarcation at this point in the Estmny. 
Tite increase in the number of bivalve species fom1d in the Middle Estuary, 
compared with the Lower Estuary (Figure 2.15 and 2.16), is in direct contrast to both the 
findings of Chalrner eta/. ( 1976) and to the theoretical model of species richness within 
estuaries presentee by WoUI (1983). Chahner eta/. (1976) suggested that the Lower 
Estuary was inhabited by n large group oftypically marine molluscs from which a selected 
few species would seasonally venture into and inhabit the Mjddle Estuary. S. trigonella 
and T. deltoidalis were given as examples. The exclusion of hard substrate species from 
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the present study might appear to accotmt for this anomaly although the model should 
equally apply to the soft substrate group. Different anthropogenic disturbance regimes 
operMiug in the Lower Estuary snch as increased boat activity and associated sediment 
distmbances may be involved in the apparent depauperate state of the Lower Estuaty 
bivalve community. 
Abundance and biomass trends which show an increase from Lower to Middle 
Estuaty, and the corresponding increase in chlorophyll a, support the g-:oeralised 
assertion made that abundance is high in estuaries due to increased food availability (e.g. 
Day et a!. 1989). Chalmer et al. ( 1976) also alluded to this trend and suggested that 
those species occupying the Middle Estuary are found in greater number than the same 
species found in full marine conditions. Kennish (1990) points out that decreased 
competition for those species which are able to adapt to the conditions within estuaries 
may be the cause of this finding. 
Others factors. 
Seagrassed replicates sup}JOtted greater bivalve abundance and biomass when 
compared with replicates taken on bare substrate at the same depth. TI1is finding 
suppotts the general expectation of faunal associations within seagrass beds. Shaw 
(1986) in a Honours 1ltesis investigating the benthos of the Middle Estuary, similarly 
fow1d marked differences in bivalve numbers between seagrass and sandfln.t areas, while 
Poore (1982) fotmd an association betv.;ecn the presence of seagrass and filter-feeding 
bivalves in Gippsland Lakes estuary, Victoria. Increased overall benthic Hnma meawres-
richness, abtmdance, and biomass, in vegetated sites compared with non-vegetated, were 
also fom1d in Princess Royal Harbour, Albany (Hutchings eta/. 1991 ). 
The two functional groups responded Eferently to tile presence of sea grass. While 
greater abWldance and biomass of the suspension feeders such as M sen!wusia and /. 
crenata were found within seagrassed replicates, the deposit feeders S. biradiata and T. 
de/toidnlis showed no preference between vegetated and non-vegetated areas. 
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There are a number of possible reasons for the }Jreference shown by bivalves for 
seagrassed areas. Firstly sediment stability created by root and rl.tizome mass provides for 
more £wourable settlement of larvae. For mussel species which bind sediment particles 
with byssal threads when settling, sea grassed areas might be favoured due to the build up 
of l:uger particles and shell grit which is trapped within the111. 1l1e hypothesis that 
increased detrital build up witbjn seagrass beds may attract deposit feeders, was not 
supported by this study, as equal numbers and biomass of deposit feeders were found on 
bare substrate. Hov;ever, non-vegetated replicates were taken in close proximity (within 
7 m) to vegetated areas and therefore the associated benefits from detritus may also be 
experienced in these non-vegetated areas. A degree of shelter from strong currents 
afforded by seagrass beds may be beneficial to some suspension feeders allowing 
phytoplankton and suspended organic particles to drift close enough for sy}Jl;cming. 11lls 
shelter may also simply llllow more suspended bivalve larvae to sink to the sedimc~J.t over 
seagrass beds than over bare substrate. Sea grasses arc also considered to offer protection 
from predators such as fish. 
Although a bivalve community typical of sea grassed areas was identified there was 
no single bivalve species for which its presence/absence could be used to indicate either 
vegctnted or non-vegetated areas. 
One of the original hypotheses about the effects of the invader M. senhousia, was 
that its ability to build dense mats may begin to exclude other biota, including seagrasses. 
Morton ( 1974) postulated this while studying dense runts in Hong Kong Bay. Even at the 
3 most abundant sites in the Estuary, where A1. senhousia reaches 2300 individuals per 
m2, there were no significant negative correlations with seagrass biomass. At Point 
Resolution, where M senhousia was at its greatest density, scagrass biomass was above 
average. 
The study also r~vealed no positive relationship between seagrass biomass and 
bivalve abundance or bi.omass. TI1is might be expected as seagrasscs do not provide 
direct food source for bivalves (although deposit feeders may benefit from dcttital 
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processes within seagrass beds). It is therefore more likely (for those reasons mentioned 
above) that it is the structure of seagrasses, and not the biomass, to which bivalves are 
responding. 
These are important findings, as the presence of sea grass is a major indicator of 
health in the Estuary. Given the established relationship betvveen sea grasses and benthic 
fauna, bivalve abundance and biomass within sea grassed areas could represent the wider 
benthic community within seagrasscd areas in this Estuary i.e. a healthy bivalve 
commtmity indicates a healthy f.-mnal commmtity within the seagrasses, although tills 
would need to be tested. Tite disappearance of seagrass is an established indication of 
illhealth in marine enviromnents due to the loss of primary production and habitat, 
particularly for invettebrates which in tum impact other biotic components such as fish 
(Bell and Pollard 1989). T11e appearm1ce of a healthy bivalve comnnmity within retuming 
seagrass beds could indicate a retum to health of the wider faunal community. 
One scenario in nutrient enriched waters is that seagrasses may be replaced by 
rnacroalgae, as has happened in Pincess Royal Harbour, WA (Wells eta!. 1991). An 
investigation comparing the bivalve fhuna associated v.-ith macrophytes with that 
associated with seagrasscs would be beneficial in intetpreting the consequences for the 
fawtal component, of a change from seagrass vegetation to macrophyte vegetation. 
Depth as a predictive f.<tctor for bivalve distribution in these near-shore areas has 
been confowtded by the presence of seagrass. Two species showed no depth preference: 
X securis which dominated upper Estuary sites and S. biradiata which dominated the 
shallow locations of the Middle and Lower Estuary. Aldtough on an Estuaty-wide basis 
total bivalve abundance and biomass was markedly reduced in the shallow locations 
compared with the deep, bivalves may be responding to the presence of seagrass in the 
deeper loc~tions. At some sites ht the Middle Estuary, 1'vf. sen/Jousia fonns dense mats 
intcrtidally which appear also to provide habitat for other bivalve species. 
Phytoplankton fOrms a major source of direct food for suspension feeding bivalves 
and indirectly as scston for deposit feeders. Chlorophyll a, as a measure of 
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phytoplankton biomass, is an established indicator of water quality (Kennish 1992) and 
has been used in health assessment of the Swan Estuaty (Jack 1987). 11te present study 
fow1d a relationship betv,reen this indicator and bivalve abundance and biomass. TI1is 
relationship has been demonstrated elsewhere for example, in Lake Eric, Roberts {1990) 
reports a doubling of water clarity attributed to the clearing of suspended algae by one 
species of introduced mussel Dreissena pofymo11Jha and Loo and Rosenberg (1989) 
equated suspension feeding bivalve biomass with phytoplankton control in the eutrophic 
Laholm Bay, Sweden. 11tis trophic coupling facilitates further assessment of the effect of 
nutrient enrichment in the Estuary. Trends found in suspension feeding bivalve 
abundance and biomass may indicate corresponding trends in phytoplankton biomass. 
TI1e coarser sediment of the estuary was an important predictor for species seeking 
to attach by byssal thread e.g. lvf. senhousia and I crenata. This may he a :fintction of 
both particle size and higher stability offered by coarser sediments. One of the 
burrowing bivalves; T. deltoidalis, was associated with the finer sediments of the Estuary 
but the other; S. biradiata was not. T. deltoidalis was also associated Y..ith sediments 
high in fine particulate organic matter. 
Bivalves- relevance to the Estuary. 
Bivalves form a significant biotic component in the Swan Estuaty. With the 
exception of the e:-.1reme fi·eshwater section, they are abundant throughout the Estuary. 
Species found in this study numbered 11, including the 8 listed by Chalmer eta!. ( 1976) 
as most common. TI1e three additional species were the invader M. senhousia, and 2 
species previously not collected ~ L. austrahs and A1. glaberrima (changes to bivalve 
composition are discussed in detail in Chapter 3). Niue biw.lve species was the maximum 
recorded by Hodgkin and Clarke in their series of publications on the estuaries cf south 
Western Australia (1988- 1990). 
Tite reiative dominance of bivalves in relation to other benthic faunal groups in this 
Estuary was not assessed in the present study, however, other studies have fmmd bivalves 
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to be dominant either numerically and/or in biomass. Two bivalve species - X :securis 
and A. semen, numetically dominated the macrobenthos of shallow locations in the Upper 
Estuary in a study in 1994 (Papas 1994) and bivalve species occupied the top three 
positions in biomass dominance for all macrobenthos in the Middle Estuary in a 1985-87 
study (Rose 1992). Other Australian studies have also shown the bivalve component of 
estuaries to be dominant, for example, Rainer ( 1981) placed bivalves species in the top 4 
rankings numerically in Cabbage Tree Basin, NSW; S. trigonella was the dominant 
benthic species in the Hawkesbury Estuary (Jones 1987); and molluscs dominated the 
Calliope River, Qld. macrobenthos (Saenger eta/. 1980). 
Bivalves also fonn a leading benthic group in estuaries worldwide. Tite bottom 
macrofalma fmmd by Loa and Rosenberg ( 1 9"89) in Lallohn Bay, Sweden was dominated 
numerically and in biomass by bivalves. Beukema (cited in McLusky and Elliott 1981) 
gave the ctmtribution ofbivalves as 65% of the tota! biomass ofmacrobenthic fauna in a 
Dutch estuary. Total macrobenthic biomass reported by Beukema was 19.6 mg per m2, 
of which bivalves accounted for 12.3 mg per m2. Wet weight figure for bivalves given in 
that study, of 331 g per m2, is comparable to the 318 g per m2 found in the present 
study. Day et a/. ( 1989) gave a general dry flesh weight figure for all macrobenthos of 
between 21.3 and 27.9 g per m2, which is only slightly above the dry flesh weight given 
in the present study for bivalves alone, of 19 g per m2 - although dry flesh weight for the 
mussel Mytilus edulis has been recorded at 1420 g per m2 by Wolff( 1983) . 
Sampling accuracy 
The highlv significant differences in ablllldance and biomass between the trial 
conducted at Point Walter and the main-study sample taken at tlt.is site, form a maj(lJ: 
impediment in using abwtdance and biomass as indicators. Only 20 m separated these 
samples. The td:tt was conducted some time after the main sampling but was still within 
the summer marine-condition period. Stephenson et a/. (1976) al~;o encountered 
patchiness ou this scale in the benthos of Bramble and Morton Bays, Qld. 
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Tite issue of patchiness is raised by most mnrme authors e.g. Wolff (1983), 
Mcintyre eta/. (1984), Kennish (1990). Rhoads and Genn:mo (1986) offered localised 
disturbances and successional responses as an explanation for patchiness. Given estuaries 
are naturally highly disturbed environments, patchiness may be greater than in other 
marine environs. There is also evidence that settlement, for gregarious benthic 
invertebrates such as mussels, is encouraged by settled adults releasing chemical cues into 
the water, which would compound Ilatchiness (Kennish 1990). Patch size studies have 
demonstrated remarkable disuibutional complexes for some organisms. Mcintyre et a/. 
(1984) refer to a study by Buchanan on the coast of England where echinoderms were 
found in patches which ranged from 200 square miles down to a 100 m radius circle. 
'The problem for a sampling }Jrogram is to determine if possible, the patch size at a 
given site. Titis study sampled within a circle of? m radius, which appears to be a subset 
of a patch- at least at Point Walter. Tite Point Walter Spit may offer the best location for 
future investigation into patcltiness within tltis Estuary. 
Using abundance and biomass for between-site or between-study comparison must 
be questioned for this and other studies given that the sampling location may not always 
be representative of the sii.e. 
Ten replicates appear to be adequate for sample precision, given there was only 
slight improvement in SE from 23 % to 19 % of the mean, when 30 replicates were 
taken. 
Species presence and distribution data has been well established for the Lower and 
Middle Estuary, with 19 sites spaced evenly along that part of the Estuary. The low 
number of sites in the Upper Estuary did not however, adequately sample X secm·is 
distribution. 
The study has highlighted the need to record both abundance and biomass for some 
bivalve species e.g. S. biradiata. Mass settlement events indi..:ative of many species of 
bivalve can distort abundance data when used in comparative terms. 
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Sampling utility 
Notwithstanding the above sampling problem, the issue of sampling ease should be 
highlighted. Because of the presence of seagrass, the shallow areas of the estuary fonn 
important target for health monitoring. The operations of sampling and sorting bivalves 
in these near~shore areas are greatly simplified compared with the deeper channels. 
Equipment required is inexpensive and needs little training to operate. Taxonomic 
expertise needed to identify the leading bivalve species is minimal and can be perfonned 
in the field. Abundance data can thus be gathered immediately at the time of sampling. 
The relationships fmmd between shell length and biomass, means that with some extra 
handling in the field tllls variable can also be gathered on location. Importantly, having 
gained all relevant data, animals could then be returned to the water alive. 
It was estimated that a team of 2 people could complete 2 near-shore sites of 10 
replicates, in 1 day - sampled, sieved, identified, counted and measured. The entire 
estuary could be sampled with 20 sites in approximately 2 weeks. Inf(lrmation gathered 
could provide an assessment of local conditions and indicate the overall health of the 
Estuary. Specifieally, a stable ecosystem might be indicated if an abundant and rich 
bivalve falllla was sampled; if changes in dominance pattems were fmmd this might 
provide an indication of changing environmental conditions; the health of the seagrassed 
areas could be assessed in relation to the abundance and richness of the bivalve fauna 
found there; and increases in abtllldance and biomass of suspension feeding bivalves over 
time might indicate increased phytoplankton biomass. 
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CHAPTER3. 
Historical Appraisal 
3.1 Introduction 
This Chapter details bivalve community changes since 1973-74. Changing 
environmental conditions within the E~tuary are also highlighted and relationships 
betvveen the two are examined. The major requirement of a biological indicator is that a 
response to changing conditions can be shown. Iftt could be demonstrated that bivalve 
community and populations have responded to changing environmental conditions within 
the Estuary, then this criteria would be fulfilled. 
The measurement of connmmity structure forms the backbone of impact assessment 
and monitoring (Wanvick 1993). Structural attributes such as species richness, species 
composition, dominance, abundance and biomass, atld indices combining these variables, 
have been extensively used to assess the biological effect of pollution in marine environs 
(e.g. Warwick 1 986; Smith et a/. 1988; Warwick eta/. 1990; Harrel and Hall 1991; 
Horwitz and Blake 1992; Dauer 1993). 
Changes in community structure as a response to changing conditions should be 
viewed as the combined effect of the tolerance reactions of the individual species in the 
community. In the presence of stress, species unable to adapt to the new conditions are 
replaced by those better adapted (Boesch and Rosenberg 1981). This process mny be 
gradual, such as the increase in distribution of a single species over time, or it may be 
dramatic, with whole commwtities disappearing. 
Some predictions can be made regarding the responses of community structure in 
the presence of particu1ar stress agents, for example, biomass for some faunal groups 
might be expected to increase under eutrophic conditions. Successional theory bas 
provided a general predictive framework, where commwtities under constant disturbance 
usually exhibit low species richness, are dominated by smaU, short-h!.yed opportunists and 
' 
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are depauperate of long-lived, large bodied species. Notwithstanding these 
generalisations, responses in structural attributes across different ecosystems and 
disturbance regimes may vary considerably. For example low species 1ichness and 
changes in dominance have been demonstrated along pollution gradients (e.g. Weston 
1990; Horwitz and Blake 1992), however studies of other systems under different 
pollution regimes have found no such changes (e.g. Austen eta/. 1989; Watwick eta/. 
1990), 
For the Swan Estuary it is necessary to investigate those measures of structure 
which respond to the particular perturbations occurring within this system. 
The most obviously desirable attribute of a biological indicator is that it has 
previously been shown to respond lmambiguously to the particular condition in question. 
Long-term changes in bivalve connnwllty composition have been demonstrated by 
Chalmer eta/. (1976). 11tat study documented the addition of2 species of mollusc to the 
benthic community of the Estuary, the bivalve Theora lubrica and the gastropod 
Nassarius burchardi, as well as the disappearance of Hydrococcus graniformis 
(Gastropod). 
Prior to the Chahner eta/, (1976) study, Wilson and Kendrick (1968) recorded the 
invasion of S. trigonel/a which became extremely ablUldaut in the Lower Estuary. They 
posed the question: 
"Has the local environment changed so that pelagic larvae reaching the area 
occasionally were at last able to settle and flourish whereas previously it was 
wlfavourable to them and they perished?" (p, 30), 
Since then<:~ second invasion has occurred, when, in the early 1980's the bag mussel 
M senhousia arrived in the Estuary (Siack-Smitl• and Brearley 1937). 
Invasion by exotic species is one of the more dramatic indications that an ecosystem 
has been disturbed (Rapport eta/. 1985), and there are many examples to be found h1 
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marine environments (see Carlton 1989: Leppakoski 1991). The invasion of estuaries 
throughout the Baltic and N01th American coasts by the zebra mussel Dreissena 
polymorpha, provides one startling example. The invasion is thought to be related in part 
to increased nutrient loadings within these systems, and as Roberts (1990) reports, tltis 
single species which feeds on phytoplankton, appears to be responsible for a doubling of 
water clarity in the whole of Lake Erie, USA. 
A relationship between invasion and disturbance is generally accepted, although the 
exact nature of the relationship is complex (Fox and Fox 1986). Using the observation 
that invasion is correlated with man-induced disturbance, some writers have suggested 
that natural systems may possess an inherent resistance quality (e.g. Mooney and Drake 
1987). Simberloff(l989) points out that this may not be a correct conclusion. Man has 
simply released exotic urganisms into those ecosystems which happen also to have ·oeen 
disturbed by man. Because the distinction between natural and anthropogenic 
disturbance in tenns of ecological measurement cannot easily be made, to attribute 
invasions to man-induced disturbance is also equivocal. 
The two invaders of the Swan Estuary now occupy dominant roles in at least some 
sections. S. trigonella has been ranked among the numerically dominant bivalves of the 
upper sections ofthe Estuary (Wallace 1977, Shaw 1986, Papas 1994). Tite more recent 
invader M senhousia, prior to the current study, had been found at 2600 individuals per 
m2 in tlte Middle Estuary (Slack-Smith and Brearley 1987). Rose (1992) ranked it third 
(behind A. semen) in numerical dominance and second in biomass dominance in the 
middle section of the Middle Estuary. 
Dominance as a community variable has received wide attention as an indicator of 
biological effect. For example in marine environments successional stages in the benthos 
are usually indicated by the dominant species (e.g. Rhoads and Boyer 1982) and 
dominance in phytoplankton community is used to describe responses to changing 
environmental conditions (e.g. John 1987). Diversity indices such as the Shannon-Wiener 
index, the Log-nonnal Curve (Gray 1979), and the Abundance Biomass Comparison 
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(ABC- Warwick 1986), which form the foundation of pollution assessment, are measures 
of the relative dominance of composite species. 
A changing bivalve commwrlty, a ecosystem under constant anthropogenic stress 
and the complex ecological issues surrounding long-term species acquisitions and losses 
within the Swan Estuary provides the framewo•·k for the following appraisal 
3.2 Methods of analysis 
From the data on bivalve distribution, abundance and biomass obtained in the 
sampling program outlined in Chapter 2, comparisons were made with previous studies. 
The following aspects ofbivalve community structure were investigated : 
• species richness 
• species composition 
• species distributions 
• dominance 
• abundance 
• biomass 
The investigation into the change in these attributes was limited by the available 
base-line studies. Although the study by Ch•Jmer eta/. (l976) in 1973-74 was qualitative 
only, it provided important distributional chta on the major bivalve species of the Estuary. 
The present study sampled the same sites as that study so that direct comparison of 
species richness and distributions could be made. 
Abundance and biomass data from two published studies were used for 
comparison, however, these studies concentrated on specific sections of the Estuary orJy 
(Wallace 1977; Rose 1992). Other unpublished sources included two Honours TI1eses iu 
which bivalves were sampled as part of a wider benthic study (Shaw 1986; Papas 1994). 
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To provide one assessment of changing habitat within the Estuary, the distribution 
and biomass of the seagrass H. ova/is, as obtained from the sampling program {Chapter 
2), was compared to that recorded in 1982 (Hillman 1985). 
To further aid the assessment of changing conditions in the Estuary, data is 
presented from other sources, on yearly rainfall and river flow volume since 1970, as 
these detennine the magnitude of the major natural disturbance regim':. within the 
Estuary - the winter flood event. Water phosphorus levels and other data on recent 
anthropogenic inputs to the system are also included. 
To assist in establishing relationships between changing environmental conditions 
and bivalve structure, the autecologies of the major bivalve species are presented . 
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3.3 Bivalve community change3 
The Chalmer et a/. (1976) study coilcluded that a benthic comnnmity which is 
sampled in summer, is largely shaped by the preceding .vinter's rainfall and fillloff. The 
community sampJed in 19?4 is thcr~fore related to the winter rainfall of 1993, which WflS 
below average for the six months May to October. Tills is therefore best equated with 
distributions of 1973 (Chalmer eta!. 1976), which also received below-average preceding 
winter's rainfall. 
The distributions of the individual bivalve species corr.pared with those of 1973-74 
are show~. ·ll Fib'ures 3.1, 3.2 and 3.3. Zones follow those of the previous study and read 
from the Lower Estuary at the left to the Upper Estuary at the right. 
M. se11housia 
The invading species M senhausia, which entered the Estuary approximately 10 
years after the Cbalmer study, is now well established throughout the Middle Estuary 
(Figure 3.1 ). It was the highest ranked species for abwtdance in the Middle Estuary and 
ranked second for the whole estnary in tb.e present study (Table 3.1). It also shared the 
highest ranking for biomass with S. biradiata (Table 3.2) 
In 1985-87 mean der1sity forM. sr.nhousia W<:iS recorded at 271 individuals per m2 
in the Middle Estm1ry (Rose 1992). T11at study, sampling each season of er:ch year from 
1985 to 1987, was conducted approximately 5 years after the first zppearance of M 
s;enhousia. Mean density in the Middle Estuary was recorded by the present study at 452 
per m2. Sampling methods were similar for botlt the Rose (1992) and the present study 
(hand-held corer). Tite previous study sampled possibly only a section of M senhousia's 
distribution, from 4 sites confined to the middle section of the Middle Estuary, whereas 
the present study has sampled across its distribution from l3 sites covering the whole of 
the Middle Estuary which may accowlt for differences. 
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Musculista senhousia 
1994 •-r-•-r•',-_,---,•- r•--• 
Figure 3.1 Distributions of individual bivalve species shown in relation to 1973 and 1974 . 
Zones are Chalmers et al. ( 1976) designations. Top: M.senhousia, Mitldle: S.biradiata, 
Bottom: T. deltoidal!s. 
Zone 1: ITB • flemantle Traffic Bridge, NF- North Fremantle, EF - Preston Point, RB - Rocky Bay, SR • 
Point Roe, BR • Blackwall Reach; Zone 2: CP- Chidley Point, PW- Point Walter, MB- Mosman Bay, PG-
Peppennint Grove, FB -Freshwater Bay, PR- Point Resolution, Zone 3: AC -Point Way len, PP- Pelican 
Point, LB - Lucky Bay, PD - Pllint Dundas, Zone 4: CB - Canning Bridge, CM - Como, SB - Swan 
Brewery, Zone 5: PER -Perth Water, HI- Heirisson Island, Zones 6,7,8: HR- Helena River, Zone 9: EB 
-Ellen Brook, Zone 10: SP- Salter Point, Zone 11,12: RW- Rive1ton Weir, 
··. 
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Figure 3.2 Distributions of individual bivalve species shown in relation to 1973 and 1974 . 
Zones are Chalmers et al. (1976} Jesignations. Top: L. australis, Middle: S.trigonella 
Bottom: I. crenato. 
Zone 1: FrB - Frcmantle Traftic Bridge, NF -North Frr.mantle, EF - Preston Point, RB - Rocky Bay, SR-
Point Roe, BR- Blnckwall Reach; Z<lne 2: CP- Chidley Point, PW- Point Walter, MB- Mosman Bay, PG-
Peppermint Grove, FB- Freshwater Bay, PR ~Point Resolution, Z<lne 3: AC- Point Waylen, PP -Pelican 
Point, LB - Lucky Bay, PD - Point Dundas, Zone 4: CB - Canning Bridge, CM • Como, SB - Swan 
Brewery, Zone 5; PER- Perth Water, HI~ Heirisson Island, Zones 6,7,8: HR ·Helena River, Zone 9: EB 
-Ellen Brook, Zone 10: SP- Salter Point, Zone 11,12: RW. Riverton Weir, 
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Xenostrobus securis 
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Figure 3.3 Distributions of individual bivalve species shown in relation to 1973 and 1974 . 
Zones are Chalmers et a!. (19761 designations. Top: X. securis . Mldc'le: A. semen 
Bottom: F. subtorta. 
Zone 1: FfB - Fre1nantle Traffic Bridge, NF - Nortl1 Fremantle, EF • Preston Point, RB - Rocky Bay, SR • 
Point Roe, BR- Blackwall Reach; Zone 2: CP- Chidley Point, PW ·Point Walter, f'o.ffi ·Mosman Bay, PG-
Peppermint Grove, FB- Fres!twater Bay, PR- Point Resolution, Line 3: AC- Point Waylen, PP- Pelican 
Point, LB • Lucky Bay, PD - Point Dundas, Zflne 4: CB - Canning Bridge, CM - Como, SB - Swan 
Brewery, Zone 5: PER- Perth Water, HI- Heirisson Island, Zones 6,7,8: HR.- Helena River, Zone 9: EB 
-Ellen Brook, Zone 10: SP- Salter Point, Zone 11,12: RW- Riverton Weir, 
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Name Mean S.E. n Rose (1992) 
No. m2 Mean S.E. 
M senhousia 452 90 130 271 60 
X secw·is 654* 100 60 1367 + 399 
S. biradiala 108 13 160 446 64 
I. crenata ll6 33 130 
T. deltoida/is 17 2 160 
S. trigonel/a 22 4 120 1026 # 237 
F. subtorta 21 10 20 
A. semen 192 41 20 780 95 1658 # 321 
Table 3.1 Mean number of individuals per m2 for each species with comparisons from other 
studies where available. Calculations from pooled replicates from each individual species 
distribution only. 
• calculated from upper Estuary replicates only to make comparison with Papas (1 994), for 
Estuary wide density see (Chapter 2). 
+ from Papas (1994), 
#from Wallace (1 977). 
Name Mean S.E. n Rose (1992) 
r-
g/m-2 Mean S.E. 
M senhousia 82.2 37.8 130 32.5 14.6 
X securis 87.4* 29.9 60 59.2 15.3 
S. biradiata 43.4* !l.5 160 78.4 32.4 
I. crena/a 34.0 8.8 !30 4.6 2.0 
T. deltoidalis 23.8 3.8 160 10.3 4.0 
S. trigone/fa 5.2 1.6 120 
F. subtorta 
A. semen 1.9 0.3 
Table 3.2 Mean biomass g per m2 (wet weight) for each species with comparisons from other 
studies where available. Calculations from pooled replicates from each individual species 
distribution only. 
• calculated from Middle Estuary replicates only to make comparison with Rose (1 992), for 
Estuary wide biomass (see Chapter 2). 
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M senhousia is extremely abundant around the lower parts of the Middle Estuary~ 
at Chidley Point, Point Walter and Point Resolution sites (see Chapter 2). Biomass, 
recorded at these sites for M senhottsiG alone, is 4 times gteater than the combined 
benthic fauna biomass recorded in1985-87 (Rose 1992). 
S. biradiata 
The burrowing species S. biradiata, which was restricted to the Lower Estuary in 
1973 and 1974, is now abundant tluoughoul: the whole of the Middle Estuary (Figure 
3. I). It was not fowtd during a benthic study of the Middle Estuary in 1977 (Wallace 
1977), however, in 1985-87 it was collected there and found be the second most 
abundant bivalve species (Rose 1992). Museum records also do not record this species in 
the Middle Estuary (Chahner eta/. 1976). 
Ahmtdance figures given by Rose (1992) are well above those of the present study 
(Table 3.1) willie biomass comparison reveals the reverse being greater in the present 
study (Table 3.2). Tite previous study sampled to a depth of only 10 em while the 
present study sampled to 20 em. This could indicate that larger animals are fmmd at 
greater depths. S. biradiata currently ranks second in abundance in the Middle Estuary, 
while sharing the highest ranking for biomass with M. senhousia. Both previous 
quantitative studies used hand-held corers driven into the sediment, however Rose (1992) 
sampled only to a depth of 1 0 em, while Wallace ( 1977) and the present study sampled 
to 20 em. 
L australis 
L. australis, an extremely small bivalve, was not found in any of the previous 
studies already mentioned. Western Australian Museum collections during the period of 
the early 1950's to the early 1970's have recorded tills species with temporary status, and 
only in the Lower Estuary (Chahner eta/. 1976). Tite present study has recorded it well 
into the Middle Estuary (Figure 3.2). 
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Other bivalves 
T. deltoida/is also appears to have extended its range (Figure 3.1), although only a 
few indhriduals were found in zones 5 and 6 (Perth Water). 
The distribution of S. trigonella, the other major invader into the Estuary, has not 
changed between the studies (Figure 3.2}. It was not found abwtdant or dominant at 
any site in the present study, with a maximum of only 60 individuals per m2. Titis 
compares with 1026 per m2 recorded in 1977 (Wallace 1977). 
Figure 3.3 shows a contraction in distribution by the. common mussel X securis, 
however the shift can be explained by sampling method differences. This species is still 
found on hard substrates throughout all zones of the Chalmer eta/. (1976) study (pers. 
observ.). 
A. semen ~ppears to have contracted to the Upper Estuary (Figure 3.3). This 
species was extremely abundant in the Middle Estuary in 1977 and 1985-87 (Wallace 
1977 and Rose 1992). 
M edulis was foWtd only at the Chidley Point site and th(r.!t in very low numbers -
40 individuals per m2. It prefers harder substrates and is therefore not well sampled with 
a soft bottom corer. It was however observed on pylons and rocks at the same sites as 
the previous study although only as rare individuals (pers. obseiV. ). 
Bivalve composition in both the Lower and Upper Estuaries appear to have altered 
little between the studies. F. subtorta, A. semen and X. securis still characterise the 
Upper Estuary and S. hiradiata, T. deltoidalis and /. crenata are typical of the Lower 
Estuary. 
3.4 Changing Environmental conditions. 
Hillman (1985) compared the 1982 distribution of H. ova/is with that of 1976 
using aetial photographs. She fowtd only slight differences. Although the seagrass was 
not found in the Canning River in 1982, its distribution throughout tire Middle and Lower 
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Estuary remained the same. There were marked changes in density patterns between 
1976 and 1982, however, the overall total area occupied and overall density, varied only 
slightly. 
The evidence fi_-om this study also shows that distribution has changed little since 
1982. H. ova/is was present at 19 of the 25 sites sampled and thesl;! correspond to the 
distribution as reported by Hillman (1985). Scagrass was found in the Canning River at 
the Salter Point site which supports thl;! assertion that it is ephemeral here. 
The biomass of scagrass for sites matching those of Hillman (1985) are given in 
Table 3.3. Biomass is well below that of the 1981/82 study with mean of 31 g dw m2 
compared with mean of 80 g dw m2. At no site in the present study was seagrass greater 
then 44 g dw m2. 
Above GrOlmd Below Ground Total 
Site 1982 1994 1982 1994 1982 1994 
Pelican Point 35 10 45 16 so 26 
Como 30 21 35 19 65 41 
Lucky Bay 65 10 55 10 120 20 
Freshwater Bay 35 15 45 24 80 40 
Table 3,3 Betwi3en years comparison of seagrass biomass (g dry weight per m2 .) at selected 
sites, 
Figure 3.4 shows total rainfall for the years betv,reen 1971 and 1994 and Figure 3.5 
shows runoff, in terms of flow volume, for the Avon River and Ellen Brook over the 
same peiiod. River flow appears to be a better measure of the likely disturbance to tltis 
estuarine system than is rainf.11l alone. l11e extreme flow peaks of 1981 and 1983 are 
notable dnce this timeframe approximates with the invasion be 111. senhousia. Titerc is 
also a trend of increasing river flows in years after 1981 compared with those prior to 
1981. 
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Figure 3.4 Total rainfall recorded at Perth, for six months May- October for years 1970 
to 1994. Line shows average. 
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Figure 3.5 Total annual flow volume (cubic metres} for the Avon River and Ellen Brook 
combined, for years 1970 to 1994. Supplied by the Western Australian Water Authority, 
Avon River recorded at Walyunga and the Ellen Brook at Railway Parade. Line shows 
average. 
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Titere have also been numerous changes to channel banks and foreshore areas since 
1973-74 which would have changed the hydrological conditions within the Estaary. One 
·..~otable change which occurred after tile Old Frcmantle Traffic Bridge was removed in 
1968, was the increase in the tidal amplitude at Perth from 59 % to 80 % of that at 
Fremantle (Hodgkin 1987). Increased e:...ien.:;ion of marine conditions into the upper 
reaches of the Estumy and increased duration of summer high S<!linity throughout the 
lower sections might be expected as a result of this change. 
Nutrient enrichment over the period has been evident by the increase in frcque£1cy 
and extent of nuh.ance algal blooms particularly in the Upper Estuary. Total phosphorus 
measured over the period shows an increasing trend from 0.0034 mg/1 in 1952 to 0.11 
mg/1 however these figures have not stood up to dgorous statistical tests (11mrlow 
Chambers and Klemm 1986; Jack 1987). Long term temporal trends in Chlorophyll a are 
not yet available. Accidental inflows of sewage have ii:equently occur, for example, 
during the electrical failure in March 1994 around Heirisson Island. There is also 
growing concem about seepage from domestic septic tanks, which border the Estuary. 
Other changes occmTing over this pcliod include the continued loss of fiiuging 
vegetation since 1981 particularly in the Upper Estuary (Pen 1987) mid increased of 
heavy metal loadings of sediments (e.g. Hosja et a!. 1993). Auecdotal evidence suggests 
that prawning activity, both scoop netting and drag netting, which directly impact 
seagrasses, has "dramatically increased" over the past 20 years (pers. comm. Mr Frank 
Prokop, Westem Fisheries, WA). Pleasure boat registrations in the Petih metropolitan 
area has increased from 8,367 in 1967 to 34,312 in 1994 (pers, comm. Frank Schubert, 
Dept. Transport Ma1itime Division, Fremantle WA) increased boating activity throughout 
the estuary would have similarly increased. 
3.5 Autecologies. 
Some aspects of the autecologies of two species which have contributed to the 
changing bivalve conunw1ity of the Esh1aty in this study are highlighted. 
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M. senlumsia 
M senhousia is a suspension feeding mussel that fom1s e;.,:tremely dense beds at the 
substrate surface. Suspended ph)1oplankton form its major food source which supports 
the relationship fmmd in Chapter 2 between its abundance and chlorophyll a. It is by all 
accmmts an opportwlist. For example it has high fecundity, its growth is very rapid, 
reaching adult size in nine months, and its pGpulation numbers can be explosive (Monon 
1974, and reference,; in Willan 1987). Willan (1987) labeUed it an "aggressive alien" and 
Kikuchi and Tanaka used "overwhelming" to describe its numerical dominance (cited in 
Willan 1987). A notable aspect of its "opportunistic" biology, as reported by Morton 
(1974), is that it bas a reduced food-sorting capacity. It would seem, says Morton, that it 
is adapted to meeting its energy need; tl1rough rapid processing of high volumes of food, 
rather than by sottiug, and e:-..1racting all available energy from food selected. 
Morton (1974) observed that once M senhousia coloniscs an area it begins to 
transform the benthos producing marked local effects, iu that dense mats would exclude 
all underlying .Jta. In addhion to the direct pressure from competitive int,~ractions, 
which are undoubtedly occurring in the benthos, there arc possibly more significant 
impacts occuning at the ecosystem level. The effects that suspension-feeding bivalves 
can have on phytoplankton production and biomass can be dramatic (Roberts 1990). 
Its arrival in Australasia is thought be aided by human transpo1t either attached to 
ships hulls ofiu ballast water (Willan 1987), 
S. biradiata 
S. biradiata, may also b~ au opportunjst as evidenced by its preference for bare 
substrate. It is a mobile, deposit feeding bivalve that sifts the sedin1ent GU.rface for 
organic particles thought to be phytoplankton seston (pers. corum. Shirley Slack-Smith 
WA Museum). It hurries itself at least 20 em into the sediment and extends its fn1gile 
syphon to the surface where it gently vacuums the sur£1ce. S. biradiata can Liove 
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relatively rapidly through the sediment at these depths so a degree of unconsolidation 
would be required however it would t1lso need a degree of sediment stability to allow for 
its feeding operation. 
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3.6 i}iscussion 
Changes in bivalve community 
l11e bivalve species composition of both the Lower and Upper Estuary appears 
unchanged since the 1973-74 study. 1bere have ho v1·:-, been major changes to the 
composition of the comnnmity in the Middle Estuary, \V:ith the addition of Jv!. senhousw, 
S. biradiata, and L. australis. As neither Nf senhousia or S. biradiata were present in 
1973 and now dominnte the Middle Estuary with 83% of the total bivalve biomass, the" 
conclusion that dominance pattems have changed can also be stroflgly inferred. 
The changes also appear permanent. AI senlzousia's presence in the Middle 
Estuary has been recorded over a number of years from the early 1980's (Slack-Smith and 
Brearley 1987; Rose 1992; Edith Cowan University, Environmen~al Management ~1udent 
surveys 1992, 1993 and 1994). S. biradiata was not recorded in the Middle Estual)' by 
any study prior to 1985-87 nor had it been documented in Museum records as being 
present in this section of the Estuary (Chalmer eta/. 1976). Its extension into this area 
therefore begm1 sometime after 1977. It was recorded during 1985-1987 (Rose 1992), in 
1992, 1993 (ECU students sutveys) and 1994 (this study), and therefore appears now to 
have continuous status in the Middle Estuary. Tite pennanency of L. australis IS 
inconclusive as no other study has recorded this species in the Middle Estuary. 
Bivalve species riclmess in the Middle Estuary bas therefore increased. A decline in 
the this structural attribute is usually indicative of grossly disturbed systems, however, 
richness in moderately disturbed systems has been obsetved to increase (Rapport et a/. 
1985). 
Titc assessment of abundance and biomass as measures of structure which have 
changed over time has been inconclusive due to lack of adequate base-line data. 
Although increases in M senhousia density were recorded since 1985-87 this was likely 
due to restricted spatial sampling of the previous study. Tiwt study did not sample 
around the lower part of the Middle Estuary, au area in which the present study found 
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dense mussel beds associated with high proportions of sediment grain size> lmm. The 
decrease inS. biradiata abundance since 1985-87 again may be attributable to sampling 
location differences. Given that the present study was unable to account for the large 
spatial fluctuations in S. biradiata abundance (see Figure 2.10) it may be likely that 
betweenRstudy temporal fluctuations would also be recorded. Tite findings on patchiness 
of bivalves as outlined in Cbapter 2 brings into question the accuracy of temporal 
abundance and biomass comp:-:risons. 
Seagrass 
A recent Swan River Trust report, suggested that there has been little change in the 
seagrass distribution and biomass of the Estuary (Lavery eta/. 1993). The results of the 
present study in part support this assertion, with distribution remaining constant over the 
period since 1976. ll1e biomass as reported by the present study is well below that of 
1982 (Hillman !985 ). Seagrasse3 were sampled at sixteen sites throughout ;f.<; 
distribution and at no site was the biomass even close to the mean figure given by Hillru:m 
( 1985). Large yearly changes in biomass might be expected resulting from unusual 
summer conditions such as phytoplankton blooms and sediment resuspension which 
decrease light received at the bottom (Lavery eta/. 1993). Further IongRterm S.'ltnpling 
over successive years is needed to determine if there is a decreasing trend in seagrass 
biomass. 
1l1ere were methodological differences which may also e>.:plai.n the anomaly. 
Sampling times were equivalent i.e. at the end of summer~ when biomass of H. ova/is is 
at its greatest. Study £ites were not well equated due to differing objectives. Titc present 
study concentrated on near shore areas, while 5 of the 7 sites of the 1982 study were on 
banks well away from the shore. 1lw previous study also specifically targeted the denser 
seagrass beds for biomass analysis. In addition, sampling sites for the present study 
were located close to the iuRshorc boundaiy of the sea grass beds where it is presumably 
under most stress from conditions such as tidal movement. Stress might also be indicated 
·-- ,"·-·-·-··-· --------· 
"'"'"!''"- '' -··-1' -·- .. -~---- --··-----
' 
i 
l 
t 
~: 
_,_, 
~,-
;_.; 
I 
-- -· ,· 
99 
by the difference in the ratio of above-ground to below-ground biomass, reported by 
Hillman as being 50:50 compared with 40:60 for tltis study. Because these botmdary 
areas are being continually destroyed and recolonised, it might be expected that rhizomes 
would dominate these arcus. The mtderestimation of the below ground biomass by 
excluding the fine roots may also rontributc to tl1e differences, however, this would be 
expected to be only slight. 
It must be pointed out that results from this study suggest that M senhousia should 
not be implicated in the decline of sea grass biomass. Its abundance was not significantly 
correlated to decreasing seagrass biomass. For example, Point Resolution had the highe,~:,i 
M. senhousia densities, but still had average scagrass biomass. The 3 sites having very 
dense mrtts, all had healthy seagrass beds, e.g. the Point Walter Spit had dense scagrass 
beds grO\ving along its entire length (pers. observ.). In addition seagrass biomass was as 
reduced at those si.ces where only solitary individuals of M. senhousia were fotmd, as it 
was over the whole Estuary. As discussed in Chapter 2 the relationship between the two 
organisms appears complex. 
If seagrass biomass has decreased over the years since 1982 then this provides 
evidence of changing conditions within the Estuary and a link with a changing b~valve 
community. The drop in biomass could be related to a reduction in light reaching the 
benthos, resulting from increased turbidity which has been caused by an increase in a 
combination of fhctors such as phytoplankton biomass and activities such as prawning 
and boating. As these near-shore areas are favoured by pravvners an increase in the 
trampling effect may also contribute to a decline in biomass. 
Relationships to changing conditions 
Linking species tumover and dominance shifts within communities to environmental 
cl1ange is however, cmJccptually well established by successional theory. Disturbance 
initiates a procession of change in community C"mposition and dominance pattcn:s 
through time (Rhoads and Germano 1986). Within natural communities, because 
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individual species adaptations have co~evolved with the natural disturbance regimes, prew 
disturbance communities, through the successional process, are rewcstablished (Fox and 
Fox 1986). Species htrnover caused by anthropogenic disturbances, which tend also to 
disrupt the natural disturbance regimes, have a more petmanent status. 
These processes have been observed in pa1t over the shmt-ter .. t, on grossly 
disturbed sections of benthos (e.g. Rhoad.:; and Germano 1986). However, the processes 
of succession may also be played out over a longer-tenu timescale as more subtle changes 
in conditions occur. For example, in a long-tcnn study of the Chesapeake Bay, Nichols 
(cited in Kennish 1990) using dominance shifts as a major indicator ofbenthic community 
changes over a 20 year petiod, speculated that changes in comnnmity and changes in 
conditions appear to be related, and that there was a long-tenn time frame in whiel. these 
interactions were being staged. 
·n1e changes to the bivalve community which have been recorded by the present 
study provide a possible biological indication of changing conditions within the Estuary. 
Previous\y, Wilson and Kendrick (1968) believed there was a possibility that the invasion 
by Spisula trigonella in 1964 was in response to changing conditions within the Estuary. 
Rapport eta/. (1985) states that species compositional changes, including the appc~i<~i!Ce 
of exotics, are often one of the initial signs of ecosystem distress. 
The opporttmistic life-style attributes of the species involved in the recent changes 
provide a link to disturbance, however, distinguishing the type of disturbance to which 
these species have responded is problematic. 
Following the hypothesis made by Fox and Fox (1986) (researchers in terrestrial 
ecosystems) that invasion o•1ly occurs post-disturbance, then, as some \vriters suggest, 
estuaries might be prime locations for invasions (e.g. Alpine and Cloem 1992). TI1e 
Swan Estuaty system is subject to yearly inundation of fresh water resulting in a dramatic 
drop in salinity which has a sustained effect on the benthic £·mna each year (Chalmer eta/. 
1976). Mean sea grass biomass drops from 80 g (dw) m2 to approximately 10 g (dw) m2 
over this winter period (Hillman 1985). These disturbances would provide ample 
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opportunity, once favourable marine conditions retumed, for a coloniser such as M 
senhousia to establish. 
M senhousia appears to have arrived in the early 1980's coinciding with a period of 
extremely high river flows (see Figure 3.5). 11te appearance and subsequent invasion of 
San Francisco Bay by the bivalve Potamocorbula amurensis, occmTed immediately after 
a major flood event which devastated much of the benthos (Nichols eta/. 1990) For the 
Swan this hypothesis is difficult to sustain when considering M. senhou.:J'ia's positive 
relationship with both seagrass at depths greater than 0.5 m, and bare intertidal shoreline. 
Either or both of these habitats would be available in any given year regardless of the 
intensity of nmoff disturbance. 
Although disturbance might be required for the initial establisluuent of a given 
invader, conditions within the system would also need to equate with those of its 11atural 
habitat. The appearance of an exotic suspension~feeding mussel \vithin the Estuary, 
which is pre- adapted to processing high quantities of phytoplankton, might be linked to 
increased availability of this resource. Nutrient enrichment may be implicated in 
increased phytoplankton production, although the constant human hmvesting of AJ. 
edulis, another major consumer of phytoplankton, may also provide increased resource 
forM. senhousia in the middle sections of the Estuary. Phytoplankton as a limiting factor 
for M senhousia would need to be demonstrated before this hypothesis could be 
accepted. 
The final speculation conceming AI. senlwusia's invasion is to reject the hypothesis 
put forward by Fox and Fox (1986). Assisted by man A1. senhousia has simply arrived in 
sufficient numbers, found an empty niche, and established itself Relationships to 
environmental change are coincidental. 
Tile distributional extensions into the :Middle Estuary of both L. australis and S. 
biradiata provide the strongest evidence of environmental change in this region. S. 
hiradiata had pennanent status in the Lower Estuary from at least 1952, yet it only 
awears in the Middle Estuary sometime after 1977. TI1e present study has estaNislted it 
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as a permanent resident in the Middle Estuary. L. australis was recorded, from Museum 
data, in the Lower Estuary only prior to 1973. 
A number of speculations could be made about these extensions of range. Titey 
could be responding to increased phytoplankton production in the upper sections of the 
Estuary, although if this were accepted it would fbllow that tht- Middle Estuary had lower 
phytoplankton production than the Lower Estuary before 1973, which is unlikely. 
ft could be h:Jt10thesised that the higher river flows since 1981 have disadvantaged 
seagrasses and provided more bare substrate for S. birad!ata to colonise. The present 
study established that S. bimdiata was equally at home in shore of the seagrass beds on 
bare substrate as it was within in deeper locations. Bare substrate would therefore not be 
a limited resource for S. biradiata in any of the years a flow winter mnoff. 
Sediment grain size changes and a reduction in sediment compaction since 1973 
may have begun to £wour S. biradiata in the Middle Estuaty although it might be 
difficult to accept sediment characteristics changing throughout this entire section of the 
Estuary over such a short pcdod. 
Tire increased tidal amplitude, as reported by Hodgkin ( 1987), attributed to the 
removal of the Old Fremantle Traffic Bridge in 1968, may have resulted in the Middle 
Estuary e:-.:periencing full maJine conditions for longer pcliods and allo\\~ng these marine~ 
affinity species to extend their ranges. It does however, seem unlikely that a species 
would take as long as 10 years to respm1d to this change in conditions. 
None of the above speculations arc plausible whcr! taken in isolation. TI1e most 
feasible explanation is that a combination of environmental changes, of which the above 
are only a sample, is responsible for tuming the Middle Estuary into a £wourable 
environment for these species. 
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Summary. 
TI1e structural attributes of bivalve commmtity which have changed since 1973-74 
have been-
• increased species richness 
• changes in species distributions and community composition 
• changes in dominance 
This study was unable to demonstrate a relationship between an altered estuarine 
system and a response by bivalve community. Although both have changed significantly 
causal .responses could only be speculated. Obsetving deviations from an accepted 
baseline measurement (inferred or actual) in commw1ity structure has been extensively 
used in environmental impact assessment and health monitoring of marine environments 
(Warwick 1993). What is an acceptable base~line and what is an acceptable deviation? A 
deviation in bivalve community since the "base-Iine11 study of 1973~74 has been 
demonstrated. How managers and those interested in the health of th.:: Swan Estuary 
should view these changes must be the subject of other investigations. 
Chalmer et a/. ( 1976) demonstrated that these structural variables in bivalves are 
responsive to changes in hydrological regimes over successive years. 1l1e changes in 
bivalves outlined in the present study may be indicating environmental changes over a 
longer time frame. 
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C:HAPTER4. 
Bivalves in the Laboratory 
4.1. Introduction 
To investigate the utiliP; of bivalves within the laboratory setting a toxicity test was 
conducted involving the common Swan Estuary mussel X securis. This test formed a 
vehlcle for fiuthcr evaluating the Swan Estuary bivalves as biological indic~tors. 
Results of laboratory studies involving the manipulation of single or multiple 
indicator species provide a causa; link betw~en environmental change and biological 
effects (Keough and Quinn 1991; Kennish 1992). Toxicity testing under laboratory 
conditions is one of the most widely used e;.,:periments involving indicator organisms 
(Reish 1988). Results are generally used in the formulation of environmental protection 
standards. 
Bivalves are known to bioaccumulate many toxic substances and this trait has been 
used to indicate water quality, for example the US Mussel Watch program. Tills trait has 
been demonstrated in the Swan Estuary for the mussel X securis wh.ich has been found to 
accumulate chromium in quantities related to its proximity to drainage outfalis around the 
Perth Business District (Hosja eta!. 1993). Although bioaccumulation of substances may 
imply effect, it remains to establish causal links through toxicity testing (Kennish 1992). 
Sublethal toxic effects have been obseiVed in the laboratory using bivalves. For 
example, the growth rates in the filter feeding mussel Mytilus edulis were impaired after 
exposure to tributyltin (Valkirs et a/. 1987); reduced filtration rates were !j_"teasured in 
Mytilus edulis when exposed to sediments spiked with cluomium \C:fJUzzo and Sasner 
1977); and avoidance behaviour was observed in the burrowing bivalve Macoma 
bafthica placed in contaminated sediments (McGreer 1979). Adult bivalves have also 
been used in acute, lethal toxicity tests (e.g. Mytilus edu/is, Ahsanullah 1976). 
For any experiment, the study objectives will govem the selection of the indicator 
species. Ideally the organism chosen should bP :!J.e most sensitive to the particular effect 
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being monitored in the system under consideration. As Caims (1986) points out 
however, there is inherent ambiguity in establishing the mos( sensitive species. Election 
to "most sensitive" status is made by choosing from only those organisms which actually 
make it to the test arena. Warwick (1993) says that the selection of test species is as 
much governed ty research interest as by any objective criteria. 
The availability and relevance of the species to the particular systtm under study 
are important factors for consideration (Pascoe and Edwards 1989). The bivalves of the 
Swan Estuary appear to complj with this requirement, as demonstrated in Chapters 2 and 
3. There is however, one major criteria which applies to all studies, that is, the ability of 
the selected species to swvive the pre-test collection, handling, and manipulation (Reish 
1988). Evaluation ofbivalves against this critcda forms the focus of this chapter. 
Specific aspects of the evaluation were: 
I) 
2) 
3) 
4) 
sensitivity to the collection and transportation process, 
survivability of control animals mtder laboratory conditions, 
a consideration of the economics involved in their use . 
ability to show a toxic response 
1l1e recent concern over chromiwn inputs in the Swan Estuary (Hosja eta!. 1993) 
provides the backdrop ~o the toxicity test undertaken. Unacceptably high levels of 
chromium were fmmd in tissue of bivalves living close to drainage outlets of the Perth 
Business District. 
,-(, 
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4.2 Materials and methods 
4.2.1 Summary 
A static, sublethal toxkity test using chromium, was conducted on the bivalve 
Xenostrobus securis, collected from the Swan Estuary. In the laboratory, 17 individuals 
werF.: pla<....::d in each of 6 aquaria containing aerated estuarine water with 1, 2, 4, 8, and 
16 mg/L of added chromium. One control aquarium contained no chromium. Each 
bivalve was monitored for open or closed status each day for 12 days. l11e number of 
bivalves opetl was accumulated for each aquarium and a comparison of total 
open/bivalve/days was made between aquaria. A duplicate of the e;..:periment was nm 
coucunently. At day 13 the first death was recorded in one of the aquariums with the 
highest concentration of chromium. TI1e experiment was continued from this point for a 
further 10 days with death being monitored as an end point. From day 23 on no deaths 
were recorded and at day 30 the ex1Jerirnent was terminated. 
4.2.2 End Points 
The use of a chronic test was favoured over a short-term acute test for a number of 
reasons. Although shmt-tenu acute toxicity testing is the norm, they lack envirmmtental 
realism (Landner et a/. 1989). l11ese tests are usually conducted over a 96 hour petiod 
and a lethal concentration, in which death is observed for at most 50% of organisms, is 
calculated (LC50). Concentrations of contaminants used are generally in orders of 
magnitude greater tf:.n those likely to be encmmtered in the field. For example a 
laboratory trial condtwted during this study showed that to establish the accepted 96 hour 
LC50 value, bivalves would need to be exposed to around 250 mg/L of chromium. 
Levels measured in the field are currently below liDg/L (Hosja eta/. 1993). 
Shell closure as a response to the stress agent was chosen as an initial end point. 
'This response which is used by molluscs when coping with other stresses such as 
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exposure, has also been observed in the laboratory for X securis when subjected to 
abnormal decreases in salinity (Wilson 1968). Avoidance behaviour such as tlils has 
increasingly been used in toxicity tests because of its potential to supply more meaningful 
results than the traditional acute toxicity test (Henry and Atchison 1991). Valve closure 
per se does not demonstrate adverse effect on the animals. Tiw scope of this study did 
not enable a relationship between growth raie and valve closure time to be investigated; 
the existence of such relationship would have demonstrated effect. 
4.2.3 The species 
X secw·is is a filter feeding mussel which is considered a "true" estuuine species 
because of its tol.:!rance to the severe winter conditions in the Estuary (Wilson 1968). In 
the Swan, its distribution can range from beyond the Barker Bridge in the Upper Estuary 
through to Chidlcy Point in the Lower Estuary (Wilson 1969, and this study), although 
ablmdant only in the upper-Middle and Upper regions. Mean shell size is about 25 mm 
(Wilson 1969) but it can grow to 40 mm. 
4.2.4 Equipment 
To eliminate any extraneous sources of contamination, all experimental equipment, 
plus that used for field colle~tion, was made of either plastic or glass, and washed with 
dilute nitric acid then rinsed. with distilled water prior to use, as advised by Clesccri et a/. 
(1989). 
Six glass aquaria 20 em x 20 em square x 25 em high were placed on a bench in the 
laboratory parallel to the extemal light source. Each aquarium contained 5 litres of 
f~stuarine water (1 L per 0.8 g of test organism as per Clesceri et al. (1989)) \Vhich was 
collected at the same time and site as the mussels. Dissolved oxygen was maintained 
using standard aquaria air pumps with dispersion stone and suction cap placed at the 
bottom of one sid'e of the tanks. Aeration also had the e!fect of maintaining circulation 
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within the tanks. Each individual bivalve was place in a plastic sample tube (radius 1.25 
em, height 80 nun) filled with aquaria grit (modal size 3nun). 
4.2.5 Bivalve collection and preparation 
Mussels were collected from the Canning Bridge site (see Figure 2.1) where they 
grow in dense mats on the shallow banks, on 4/8/94. Tills coincided with the winter 
flood event in the Estuary (see Figure 2.5) when benthic f.1w1a is subjected to stress in the 
fonn of lowered salinity which was recorded at 20 mS/cm. Individuals from this area 
were considered to be least contaminated with chromium relative to Perth Water. 
Animals were gently separated from the sediment, although not disturbed fi"om their 
byssal mat, and placed in plastic food containers without water, as recommended by 
Barry Wilson (pers. comm.). 11tey were then transported by car to the laboratory, which 
was approximately 25 minutes from the collection site. 
At the laborntmy, byssalmats and detritus were carefully cut and washed from each 
animal (Ciesceri et a!. 1989). Each bivalve was then embedded in individual plastic 
sample tubes in which aquaria grit had been placed. They were gently positioned and 
surrounded by grit so that their valve opening could be observed. Titis also mimics the 
natural position encountered in the field for soft~substrate dwellers. Same-sized animals 
of mean approximately 20 mm, were selected. Tubes were then placed directly in the test 
aquaria containing estuarine water with air supplied, for an acclimatisation peiiod 
(without contaminant) of24 hours (Clesceri ct a/. 1989). 
Since the preparation of animals was time consuming, and to avoid mtdue stress, a 
2 hour limit was placed on the operation. Tubes were added to each aquarium in tum 
until the 2 hour limit was reached, which resulted in 17 animals in each. Mance (! 987) 
recommends between lO and 20 animals be used for each treatment. Titc 17 mtimals 
occupied exactly the same location in each aquariunt TI1e tubes were placed opposite to 
the aeration stone to minimise dishirbance. 
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Byssal mats were removed because the detritus incorporated was considered to be 
both a possible source of extraneous contaminant and a possible site for absorption of 
chromium duting the experiment. Embedding each bivalve in firm medium was necessary 
for making observations, since during trials in the laboratory, animals which were not 
finnly embedded resettled contiP.uously. 
animals were monitored during the acclimatisation period with no deaths observed. 
Once bivalves were placed in their test aquarium they were not handled again. 
4.2.6 Contaminant concentrations- preparation and application. 
Potassium dichroiWte salt was used as the source of chromium as it has less 
potential to alter the pH of the receiving water than other tOnns (Jop et a!. 1987). As 
recommended by Alabaster and Lloyd ( 1980), the C:\.'periment was conducted using five 
concentrations spaaning a logarithmic series ~ 16, 8, 4, 2, I, mg/L of potassium 
dichromate. Laboratory trials at Joondalup (this study) had showed that exposme for 14 
days to between 13 and 20 mg/L of chromium concentration caused death in test animals. 
Valve closure in these same trials v:as observed at 8 mg/L. Concentrations were also 
selected to match the levels found in the field by Hosja eta!. ( 1993) ofO. 9 mg/1. 
At the beginning of the e,.qJcriment (after the acclimatisation period), each aquaria 
was allocated randomly to a concentration - including the no~conccntration control 
aquanum. Potassium dichromate was dissolved in a beaker, with estuarine water 
gathered at the same site and time as the test animals. Chromium of the desired 
concentration was gently added into the aeration bubbles of each aquarium using a 25 rol 
pipette. 
4.2.7 Monitoring during experiment 
Although a complete water change every 24 hours is recommended for static 
tma.::ity tests (Mance 1987; C!esceri et al. 1989) this is simply to increase the life of test 
organisms. Laboratory trials showed that bivalves could be kept alive for periods of at 
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least 30 days without a water change. Since changing water may have confounded the 
closure response, water in test aquaria was not changed throughout the experiment. 
Variations between aquaria should be min.imised and according to Clesceri et a/. 
(1989) a variation in temperat'<TC of 10 C would invalidate the c>.:periment. TI•e pH is 
usually the most difficult condition. ~{) keep comparable between aquaria because of 
diifcring quantitic;; of contaminant added to each aquaria (Mance 1987). Job et a/. 
(1987) reported no change in pH using potassium dichrolllate at concentrations between 
0.5 and I 0 mg/L. 
Water conditions - temperature, salinity, pH, and DO - were monitored in each 
aquarium at the heginning of the acclimatisation period and at intervals of 2 days 
throughout the exp .. ::riment using a DataSonde 3 (r) Submersible Water Quality Data 
Logger. Water ter· ·ature was also monitored diumally. 
Due to ev;:, ration, approximately 100 ml ofcstumiue water, gathered at the same 
time and place as the test animals, was added to each aquarium every 2 days. TI1is was 
gently poured ovtr the aeration bubbles of the aquariums. 
4.2.8 Monitoring end points 
f-'lr the sublethal valve-closure response, each bivalve including those in the 
control, was observed for open or closed status at 12 hourly ittervals- 0830 and 2030 
hours- beginning immediately after the contaminant was added. Aeration was stopped 
in each aquarium to allow obse1vation for approximately 30 seconds. Each animal which 
was open at each observation time was recorded as an open-bivalve-observation for that 
aquarium. 
Open was defined as valves slightly apart (1 -2 mm) with their syphon lips slightly 
raised through the gap. This condition i~ easily recognised as distinct from gaping, which 
indicates a pre-death, stressed condition with lips withdrawn into the shell. 1l1is section 
of the experiment ceased after 12 days when the first animal, in a 16 mg/L concentration, 
exhibited these signs. 
lll 
l11e second stage of the experiment continued and mussels were monitored for 
death fOr further i 8 days. Dcatil was assumed and recorded when mussels exhibited 
"gaping", a condition from which, in pre-study trials, the animals did not recover. 
4.2.9 Data analysis 
To test the hypothesis "valve open-time is independent of chromium 
concentration", a significance test was conducted on the linear c.<Jrrelation coefficient 
between the concentrations ol chromium and ·£he number of bivalve/openftimes for each 
triaL using Pearson correlation coefficient and the statistical package SPSS. 
To test the equality of the results between the 2 trials, a paired sample t-test for 
significant differences was performed. 
To calculate an LC50 from the mortality data, probit analyF~s (after Clesceri eta/. 
1989), was pcrfonned using SPSS. 
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4.3 Results 
4.3.1 Controls omd water monitoring 
During the first day of the e"-1)Criment the control aquarium in trial 2 was 
damaged. Tubes containing the animal!: were removed and placed in another 
aquarium to continue the control conditions. Results from trial 2, although th~y have 
been presented here, sh, .tid be regarded as wtsound due to the disturbance of the 
control. 
Control animals remained alive throughout the sub-lethal section of the 
experiment. One animal died in one control at day 20 of the tl'<Jrtality section of the 
expeiiment. "Dtis is within the acceptable limit, as recommended by Mance {1987), of 
no more than 10 % of control animals dying for the experiment to remain valid. 
Table 4.1 details the ranges of water temperature, pH and salinity within the 
aquaria over the test period. The variance in temperature between aquaria were 
\vithin the range of 10 C recommended by Clesceti et a!. ( 1989). llte diumal 
oscillation in temperature in the laboratory was 16- 25 0 C. Salinity and pH similarly 
did not vary between aquaria. There was no reduction in pH in responses to the 
addition of Potassium dichromate which supp01ts the findings of Jop et a!. ( 1987). 
Salinity range within aquaria increased from 20.2 ~ 20.6 to 22.8 - 23.4 over the test 
period. This was expected due to the concentrating effect of evaporation and the 
periodic addition of cstuatine water. Dissolved oxygen remained above 8 mg!! fOr 
all aqu;uia at all readings . 
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Reading time Temp u C pH mS/cm 
Acclimatisation 16.7 17.3 7.7 7.9 
.:; _,;< 
20.2 20.6 
day 0 18.8 19 7.4 7.9 20.6 20.7 
day 2 17.8 18 7.8 8 20.6 20.8 
day4 19.3 19.7 7.5 IJ 20.8 21.2 
day23 22.3 22 8 7.8 - 8 22.8 - 23.4 
Table 4.1 Temperature, pH, and salinity ranges within aquaria at intervals over the test 
period. 
4.3.2 Sub-lethal experiment. 
TI1ere were significant responses by mussels to chromium in both trials, 
although trial 2 did not show as strong a trend as trial 1 due to the problem with the 
control (Table 4.2). Tests for equality of results using a paired sample t-test revealed 
no significant differences between trials. Titese results were confirmed. when retested 
using the non-parametric Wilcoxon matched-paired signed-ranks test. 
Trial! Trial2 
Cr mg II Aqu. No. open. Aqu. No. open 
0 4 304 12 227 
I 9 309 II 275 
2 3 267 5 271 
4 2 240 8 305 
8 I 209 7 231 
16 10 140 6 128 
r -0.976 -0.919 
p 0.001 0.01 
Table 4.2 Number of bivalve-open observations for each concentration, trial 1 and 2, 
showing correlation coefficient (c('ncentration against open times) and significance level. 
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4.3.3 Mortality experiment. 
The number of mussels surviving after each day is presented in Tables 4.3 and 
4 1. Mussels began to die at day 13 in the 16 mg/1 concentration. Death was also 
recorded in the 8 and 4 mg/1 concentrations however, lethality ceased in all aquaria at 
day 23 which possibly indicates a threshold point with the remaining animals making 
some form of adjustment to the chromium (Vowles and Connell 1980). 
Trial! Number mussels alive after day: 
Crm 12 13 14 15 16 17 18 19 20 21 22 23 
16 17 16 15 14 13 12 6 3 0 0 
8 17 17 17 17 17 17 15 14 12 11 
4 17 17 17 17 17 17 15 14 14 14 
2 17 17 17 17 17 17 17 17 17 17 
1 17 17 17 17 17 17 17 17 17 17 
0 17 17 17 17 17 17 17 17 16 16 
Table 4.3 Trial 1 showing the number of mussels alive after each day in each 
concentration. 
Tria12 Number mussels alive after day: 
Crm L 12 13 14 15 !6 17 18 19 20 21 
16 17 17 17 17 14 14 8 4 3 2 
8 17 16 16 16 16 16 13 11 10 10 
4 17 J.7 17 17 17 17 17 17 17 17 
2 17 17 17 17 17 17 17 17 17 17 
1 17 17 17 17 17 17 17 17 17 17 
0 17 17 17 17 17 17 17 17 17 17 
Table 4.4 Trial 2 showing the number of mussels alive after each day in each 
concentration, 
0 0 
11 9 
14 13 
17 17 
17 17 
16 16 
22 23 
0 0 
8 7 
17 16 
17 17 
17 17 
17 17 
A 23 day LCSO value can be read from the graph of the number of deaths per 
concentration disp1ayed in Figure 4.1 with arrows showing the concentration at which 
SO % of animals survive. 
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Results of the probit analysis show that LCSO's between the 2 trials are 
comparable with confidence intetvals clearly overlapping (Table 4.5). 
The accuracy of the 23 day LC50 is limited by having results from only three 
aquaria in each trial contributing to the calculation (see Table 4.3 and 4.4). 
Trial 1 
Trial 2 
23 dayLC50 
(~g/1) 
7.69 
7.79 
9 5 % confidence intelllals 
Lower Upper 
6.3 9.95 
6.66 9.87 
Table 4.4 LC50 (23 day) concentration of chromium (mg/1) calculated from pro bit analysis 
showing confidence intervals. 
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Trial 1 - 23 day LCSO plot 
100 • 
~ 90 80 
l!l 70 
" 60 •
'1l 50 /[ ] 40 ., ~ 30 ~ 20 
• 0; 10 
0 
0 I 2 4 8 16 
Chromium Cbncentration, mg/1 
Trial 2 - 23 day LCSO plot 
100 • 
~ 90 80 
l!l 70 
" • 60 
'1l 50 
"' 
• • 
-~ 40 
., 
-
30 ~ 0 ~ 20 " <1: 10 
0 
·-· 0 I 2 4 8 16 
Chromium concent:ation, mgfl 
Figure 4.1 Percentage of mussels dead after 23 days in each concentration. Arrows 
show 23 day LC50. Top: trial 1, Bottom: trial 2. 
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4.4 Discussion 
The limitations of the tests conducted were apparent, however the results are 
still valuable for inteqHeting bivalves as biological indicators. The sub-letlial response 
by bivalves to the toxicant chromium at levels apJ!i 1aching those fow1d in the water 
column in the field was demonstrated, however there may not have been an adverse 
effect on the test bivalves. Abel (1989) suggests that for relevant sublethal testing 
disruption to an organism1s growth, reproductive capacity or dispersal capacity should 
be demonstrated. 
Duplicating results is one of the guiding principles for experimental work 
(Clesceri eta!. 1989) and this was not achieved by this study d.ue to the disruption to 
one of the controls. Tite Joss of chromium salt to the sides of the test chambers and 
to the surface of the grit medium used in the tubes would have decreased the actual 
level of concentration. The concentrations presented in the results are nominal only. 
That is, the actual concentration of the tc5t chambers was :tot recorded throughout 
tL. ~st period. 
The results of the lethality section of the experiment have demonstrated a causal 
link between cllfomium and biological effect in tlte mussel X securis. It showed that 
in the laboratory, after 23 days exposure to 7.69 mg/1 chromium 50% of mussels 
died. Figures for chromium toxicity in other species ofbivalve range from a 16 day 
LCSO of 52 mgll for the bunO\ving bivalve Macoma ba!thica and a 4 day LC50 of 57 
mgll for Mya arenaria (Mance 1987). Other faunal groups are typically more 
sensitive than molluscs, for example the 4 day LC 50 for fish larvae is given as 
between 12.4 mg/1 and 14.3 mgll (Mance 1987). 
Toxicity testing forms the backbone in establishing causal links between 
anthropogenic inputs and biological effect, and in the formulation of receiving water 
quality standards (Ketmish 1992, Chapman eta/. 1993). 
Acute testing has been criticised for its lack of envirmunental realism (e.g. 
Landuer eta!. 1989). The difficulty in relating the results of laboratory tests which 
record the death of individuals, to the effects which might be ex'Perienced in the field, 
is a major shortcoming of these tests. Managers of ecosystems need to know the level 
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of a particular input (concentration) which will cause no observable effect on 
populations and communities. An LC50 calculated on the death of individuals in the 
laboratory does not call)' that information. Serious effects on populations and 
communities begin well before death is actually observed in the field (Atchison et a!. 
1987; Hartwell eta!. 1989). Reproductive fitness, inability to disperse and lessened 
resistance to predators and disease are some of the sublethal effects which might be 
CXfiCCted. 
For these reasons chronic, sublethal toxicity testing has been £woured for its 
potential to supply more meaningful data in tenus of effects on populations and 
ecosystems (He my and Atchison 1991 ). These tests involve observational, 
physiological or biochemical measurements and are usually conducted over longer 
petiods requiring animals to survive longer. 
Various application factors have been devised to improve the interpretability of 
results from acute tests. Giesy and Graney (1989) compared the results from the 
literature of acute tests with chronic tests for the same chemical. 1l1is provides a 
basis for calculating from acute tests, the levels of concentration for receiving water 
which would reasonably protect populations and communities from sub~Iethal effects. 
For chromium they gave an application factor of between 0.0098 and 0.012. 'I11at is, 
the concentration that would show no observable adverse effect (NOAE) would be 
0.0098 of the value given from an acute test. They recognised the limited ~~mount of 
data upon which these figures were calculated and the variability in species' responses 
to particular contaminants. Tite figures are best estimates only however the process is 
useful. For the test conducted in the present study the NOAE level would be 
between 77 ug/1 and 92 ug/1. 
Concentrations found in the water column throughout Perth Water during 1988 
and 1989 ranged between 0.5 and 4.5 ug/1 however levels measured immediately 
adjacent to the Mounts Bay drainage outflow ranged from 420 ugll in the drainage 
outlet to 40 ug/1 at a distance 35 m from the outlet. Organisms within these areas are 
likely to be adversely affected. 
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Another major problem when usmg toxicity data is the question of the 
sensitivity of the organism used. How much of tite community will be protected if 
standards are set based on the rc~11ouses of the test organism. For maximum 
protection, ideally the organism should be the most sensitive in the commlmity (Giesy 
and Graney ( 1989). Bivalves fulfil some of the attributes considered necessary for a 
sensitive response. They arc sessile and therefore cannot avoid an impacted area 
however their ability to close valves and remain unaffected by surrounding conditions 
would tend to override this advantage compared to other sessile invertebrates. 
The ease of collection and handling is highlighted. Tite animals are readily 
available from all parts of the Estuary and survive transportation to thl"- laboratory 
using the minimun1 of equipment. Mussels in the control aquaria remained alive in 
this study for at least 40 days. Long tenn studies could therefore be conducted using 
bivalves and with the addition of feeding fi"om appropriate sources of phytoplankton 
longer periods of survival could be achieved. 
While the above attributes fulfil some criteria for indicator species in toxicity 
testing they are on the other hand disadvantageous when consiJeiing other criteria. 
Titeir robustness would possibly also mean that they are less sensitive than other 
invertebrate fauna. 11te overriding advantage of using bivalves in this setting is that 
results can be achieved quickly and economically with a trade-off in sensitivity. 
Tite study has demonstrated that bivalves are abundant throughout the Estuary 
m near-shore areas (Chapter 2). For causal experiments they provide a readily 
available source of organisms. 
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CHAPTERS. 
Discussion, Conclusions and Recommendations 
The Swan Estuary is subjected to an extensive array of potentially destructive 
impacts. Its value to the people of Perth, its fragile and unique nature, and the necessity 
for sound management framed the principle at the heart oftltis study. 
The aim of the study was to assess the suitability of the bivalve fauna of the Swan 
Estuary as biological indicators. At the beginning of this thesis a list of theoretically 
desirable attributes was proposed from published literature, which provided the 
framework for this assessment. A biological indicator shouhl :-
o represent a valued attribute of the ecosystem or be important ecosystem 
• 
• 
• 
• 
components or processes; 
be easily and reliably measured; 
respond quickly and unambiguously to environmental change; 
be distributed over a spatial scale which includes areas not affected by 
change 
(i.e. control areas); 
have been studied before; 
To make this assessment the study conducted a quantitative sampling program 
which established the current structure of the near-shore bivalve community of the Swan 
Estuary. To evaluate the predictive 1_:apacity of the bivalve community as an indicator, 
major environmental conditions in the Estuary were measured and related to specific 
attributes of structure. To assess responses in bivalve stmcture, specific attributes which 
had changed since 1974 were highlighted and discussed in tenns of the changing 
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environmental conditions within the Estuary. To further assess the utility of bivalves as 
indicator species, a toxicity test was conducted in the laboratory. 
Are they a valued or important ecological compon~nt? 
The impOitance < :benthic studies is evident. The benthos, particularly in near-
shore areas, is considered an important component of estuarine ecology due to its high 
biotic diversity and its contribution to primary productivity (Day 1981 ). Tite biogenic 
activity of benthic faw1a influences both the chemical and physical properties of the 
sediment and dictates nutrient and ion transfer to the water column (Rhoads and Boyer 
1982). The detrital food web, another important component of estuaries (Kennish 1990), 
is inextric~-bly linked to the benthos. 
Bivalves fom1 a significant benthic '-.!omponent of this Estuary. In a previous Swan 
Estuary study, three species of bivalve topped the biomass rankings for all benthic f.·mna 
and occupied 78 % of the total benthic fauna biomass. Similar proportions have also 
been reported elsewhere, for example Beukema (cited in McLusky and Elliott 1981) gave 
the contribution of bivalves as 65 % of the total biomass of macro benthic fauna in a 
Dutch estuary. Relative to other estuaries, the dry flesh weight for bivalves reported in 
the present study also demonstrates their dominanc~ in this Estuary. 
Bivalves are ecologically important as primary consumers, and the relationship 
found by the present study between the abundance and biomass of suspension feeding 
bivalves and phytoplankton in the Swan, provides another measure of their relevance to 
the system. The significance of this trophic coupling has been demonstrated 
experimentally elsewhere, fo._- example, Loo and Rosenberg ( 1989) in Laholm Bay, 
Sweden, concluded that suspension feeding bivalves reduce and in some cases control 
phytoplankton. As secondary producers, the Swan Estuary bivalves form an important 
food source for commercially and recreationally valued fishes such as the black bream 
(Acanthopagrus butcheri) and the cobbler (Cnideglanis macrachtensis), (Loneragan et 
a/. 1987). 
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Can they be t•,asily sampled and reliably measured? 
This study found patchiness to be a major impediment to the use of bivalve 
abundance and biomass for comparative purposes in the Swan Estuary. Samples taken 
within a circle of 7 111 radius could 110t be used to represent the site as a sample taken 20 
m distance would produce different results. With bivalves occupying a dominant role in 
the benthos of this Estuary, other macrobenthic studies which compare community 
ablUldanccs between sites and times probably also suffer inaccuracy due to this non~ 
representative sampling. Reporting standard errors as a means of assessing the accuracy 
of measurement is a meaningless exercise unless a measure of patchiness is also supplied. 
An investigation into patch size and small scale distributional changes is required 
for the benthic fauna of this Estuary. Sampling layout and the required distances between 
replicates could then be calculated. 
Tite utility of sampling bivalves in the near-shore areas was evident. Access with 
inexpensive equipment that is easy to operate means that almost any part of the Estuary 
could be sampling quickly and easily. TI1e abundance and distribution of bivalves as 
shown in this study, provides a sessile group of species which could be monitored at 
almost any site in the Estuary. Bivalves c;m be identified in the field, enabling abtmdance 
data to be gathered at the time of sampling, and with some e;..tra handling, biomass (wet, 
dry and dry flesh weight) can also be estimated and animals can be returned to the water 
alive. 
Are responses quicl< and unambiguous? 
Tltis study, although evaluating bivalves in general, focused on population and 
commwtity structure as response indicators. In assessing the response of these indicators 
to environmental change, two avenues of investigation were undertaken. Firstly, 
population and community variables - species distribution, abundance and biomass, were 
rdare,~. to the major environmental conditions operating in the Estumy. This provided a 
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basis for assessing which variables might respond to changes in those conditions and how 
bivalve changes might represent the wider biotic community. Secondly, an historical 
appraisal was carried out to identify those specific community attributes which had 
changed since 1974 and also link these to changing conditions in the Estuary. 
The three major biotic divisions in this Estuary as established by Chalmer et al. 
(1976) for all benthic organisms appear to be represented by bivalve distributions. 
Responses to environmental change, which are detected in bivalve distribution, may 
therefore indicate a response by the wider community of the Estuary. 
Similarly the positive relationship found by the present study between bivalve 
abundance and biomass, and the presence of seagrass in the Estuary, provides for the 
assessment of the healih of the wider benthic fauna. Seagrass loss is an excellent 
indicato: of the illhealth of a marine enviromnent. Given that seagrasses possess a higher 
diversity of fauna than bare substrate, (as demonstrated elsewhere e.g. Wells, Rose, and 
Lang 1985, Hutchings et al. 1991), the re-establishment of a bivalve community into 
retuming seagrass beds would indicate the retum ofthc f.1Unal component. 
Tite health of the bare substrate areas of the near.;;hore benthos may also be 
indicated by a specific bivalve commwtity - found in this study to be dominated by S. 
biradiala. 
Increased bivalve abundance and biomass, related to increased phytoplankton 
biomass could provide another means of assessing the biological effects of nutrient 
enrichment in the Estuary. 
The long-term changes to the Middle Estuary bivalve conummity, as documented 
by the present shHly, were species composition and dominance. Lie and Evans (1973) in 
a long- term study of Puget Sowtd, USA from 1963 to 1969, recorded shifts in the 
dominant species ,while other indicators such as richm:ss and diversity remained 
unaffected. Long-tenn studies by Nichols in Chesapeake Bay, USA, and Henderson in 
the Clyde Estuary, England, (cited in Kennish I 990) spanning 20 and 7 years 
respectively, used dominance shifts as the descriptor of community changes over these 
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periods. Given that these environs were being significantly disrupted by anthropogenic 
disturbances dming the periods of study, dominance shift appears to be an indication of 
environmeutal change. This is also supported by successional theory which describes 
responses to disturbance in terms of dominance change. 
Establishing links to specific enviromnental change was not possible in the present 
study, although there is evidence that a number of important habitat changes have 
occurred. It is probable that salinity regimes have changed within the Estuary due to 
increased river flows since 1974. Continued clearing of fringing vegetation and dredging 
operations arc also likely to have contributed to any change. It is also possible that a 
reduction in sea grass biomass has occurred, and likely that phytoplankton production has 
increased over the period. 
Bivalve structure arc indicating these changes, however, because causality has not 
been established, the assessment ofthese biological changes in terms of estuarine health is 
ambit,:ruous. 
Measuring community structure as an approach to assessing environmental change 
has had critics (Warwick 1993). Evaluating structural changes in te1ms of system health 
may not be clear-cut as ecosystem fm1ctioual attributes, such as nutrient cycling and 
productivity, may remain stable while significant changes to structure arc being recorded 
(Matthews, Buikema, Caims Jr, Rodgers 1982). It has also been suggested that by the 
time changes in commw1ity structure arc recognised systems have already been 
significantly disrupted. l11e lack of demonstrated causal relationship has also been 
highlighted (e.g. Keough and Quinn 1991 ). Community studies rely on circumstantial 
evidence to establish cause, fof example, demonstrating a correlation between a variable 
such as species richness and a measure of a causal agent such as the amount of 
contaminant in the sediment. 11te present study was also limited in the establishment of 
relationships between structural changes and specific environmental alterations. 
Notwithstanding the above, commwtity structure fOrms the backbone of biological 
effects assessment in marine environs. Significantly, (for the present study), Rapport et 
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a/. (1985) states that change in structure and distributions of single specie-s may be tl1e 
earliest sign of ecosystem stress. TI1e movement of S. biradiata into the Middle Estuary 
only after 1974, provides the strongest evidence of environmental change in the Estuary. 
Tite invasion by the exotic species M senhousia is another possible indication of 
changing conditions. 
Over the same period as major changes have occurred to the Middle Estuary 
bivalve community, in the Upper Estuary, arguably the most affected by anthropogenic 
stresses, there have been no chanr;cs. Species in tills part of the Estuary are given the 
label "tme estuarine" because oft!ieir tolerance to wide salinity fluctuations. 111e relative 
inertia demonstrated by the co:nmunity in this section of the Estuary, may support the 
hypothesis made by Boesch and Rosenberg ( 1981 ), that tme estuarine species, being 
more tolerant of natural stresses, could also be more tolerant of anthropogenic inputs. 
How quickly and tmambiguously does bivalve structure respond to specific 
changes? Long~tenn monitoring and ex11erimental work involving both field and 
laboratory mmlipulation are required before assessment of the sensitivity of response can 
be made. Monitoring bivalve populations around the drainage outlets of the Perth 
Business District might provide an ideal setting for the investigation of the responses of 
structural variables. A chromium contamination gradient has been established in the 
sediment and in bivalve tissue related to proximity to these drains (Hosja eta/. 1993). 
TI1e laboratory ex11eriment conducted in the present study has demonstrated lethality in 
bivalves after 23 days of e:~qJOsure to du.omium at levels only one order of magnitude 
greater than that recorded arotmd these drains. l11at test also demonstrated the utility of 
bivalves in experimental settings. Their abundance in all locations throughout the 
Estuaty means that a site-specific, well stndied and relevant orgatlism is available for use 
in such experiments. 
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Is distribution over a wide :trca which can include controls? 
A.s already mentioned bivalves are distributed and abundant throughout all near-
shore areas of the Estumy. These Rteas are most rdiected by point source inputs 
originating from the shore-line such as from drai~tage outlets. Non-point sources which 
usually affect large sections of the system, such as nutrient loadings, originate from the 
catchment and runoff in general. 
Given the inherent vagueness of using controls between locations and systems 
which are all impacted in some way, the exercise is still important in evaluating biological 
change. Bivalves of this estuaty are commonly fmmd in other estuaries along the south 
coast of WA (see Hodgkin and Clarke 1988- 1989) therefore these estuaiies could be 
used as controls for studies of non-point source impncts. Point source imprtds could 
have controls \vithin the Estuaty as most bivalve species are widely distributed. 'D1e two 
river am1s- the Swan and the Canning, have the same bivalve fauna which provides some 
s-:;ope for controlling ea<.;h other. 
Is there an established knowledge-base? 
The structure of macrobenthic f.1w1a has been extensively studied and successfully 
used in the past as an indicator of disturbed marine environments (e.g Gray aud Mirza 
1979, Gray 1981, Hargrave and TI1iel 1983, Warwick 1986, Warwick eta/. 1990, Harrel 
and Halll991, Dauer 1993, Warwick 1993,) including estuaries (e.g. Phillips and Segar 
1936, Dauer e/ a/. 1993). 
Although the use of stmcture as an indicator is extensive, the applicability of 
generalised laws govcming the way commwtities behave wtder stress is still not possible. 
Tlte autecologies of constituent species is an important extension of impact assessment 
using community structure. For example, separating species by life-style into 
opportunistic, r-selectcd or k-sclectcd groupings, is a valuable tool in the interpretation of 
obsel\led conummity structure. Similarly in cx1Jcrimental work, an wtdcrstanding of the 
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ecological role of the indicator species within the community, provides a link between 
results and the real-world situation. 
Due to their place within the marine community, bivalves in general have been the 
focus of much study concemed with impact assessment (e.g. Phillips and Rainbow 1988; 
US Mussel Watch Program, Kem1ish 1992). 11teir sessile nature aud ability to 
bioaccumulate many water-home and sedimentary contaminants makes them an ideal 
target for research. 
The autecologies of the mytilid species common to WA including the estuarine 
mussel X secw·is have been studied in depth (Wilson and Hodgkin 1967; Wilson 1969a; 
Wilson !96% ), 
Museu/isla sen/wusia 
1l1e invasion of M senhousia has gone wmoticed by all bar those few people 
working in the matine benthic field. There has been no apparent affect on any 
anthropocentric value and therefore its presence has not raised the slightest public 
interest, yet it is now a dominant species in the Estuary. There is no doubt that M. 
Jenlwusia is now a permanent member of the benthos of the Swan Estuary, the ecological 
implications of which can only be the subject of speculation. Although appearing to have 
some potential to adversely affect seagrass, this study did not detect any reduction in 
seagrass biomass at sites where the mussel was extremely dense. Its reshaping of 
sediment characteristics as repo1ted by Morton {1974) was confinued by personal 
observation of dense beds during the course of this study. 
When assessing the extent of the invasion it must be pointed out that although it is 
dominant in the Middle Estuary there are large sections of this part of the Estuary where 
M senhousia was found at less than 4 individuals per m2. Native bivalve species which 
were expected to be present were still found in areas where A1. senhousia was at its most 
dense (although no temporal comparisons could be made of the population sizes of these 
bivalves). M senhousia does not appear to have displaced any other bivalve species 
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from these soft-bottom areas. 11JC two other gregarious sediment-binding mytilids of the 
estuaty /1,1. edulis and X securis are limited by abiotic £1ctors in the exact areas that M 
senhousia has occupied. M. edulis can colonise soft substrates which are ldgh in large 
grit particles (pers. comm. Shirley Slack-Smith, WA Museum), however it prefers hard-
substrate, and salinity in this part of the estuary limits populations of X securis. At the 
upper limits of the Micidle Estuary, arow1d the Canning Bridge, M. senhousia and X 
securis congregate together and there may be some competitive interactions occurring 
here, however X securis dominates by a factor offive. 
Concems have been raised elsewhere about the impact that aggressive suspension-
feeding bivalves can have on food web dynamics. Nichols eta/. (1990) and Alpine and 
Cloem (1992), in studies on the invasion of San Francisco Bay by the bivalve 
Potamocorbufa amurensis, reported serious disruptions to planktonic dynamics. l1tey 
raise concerns about the redistribution of nutrient and organic material, fTom suspension 
food-webs to benthic food-webs, and the cff:ect this might have on juvenile fish which 
predate on zooplankton. 
Interpreting this invasion in the context of estuarine health is a complex issue. 
Rhoads and Germano (1986) point out, when discu~"ing long-term changes to benthic 
assemblages, that species composition may not be the imvm1ant issue. Titey ask whether 
the new assemblage can bum off the labile detritus which is presented to it. If it is unable 
to do so, then a cycle of anoxia will result, which in tum will impact on exactly that 
section of the benthic community which mitigates against such events. Rose (1992) 
observed major reductions (total biomass, species richness and diversity) in the benthic 
faWla of the Peel-Hatvey Estuaty, compared with that of the Swan Estuary, and 
attributed this to the Peel's eutrophication and fi'equent anoxic events. Loo and 
Rosenberg (I 989) argue that suspension-feeding bivalves perfonn au extremely important 
fimction in reducing and in some cases controlling phytoplank-ton in eutrophic situations. 
11te "invasion" may on the other hand have little consequences for the ecosystem. 
M senhousia may simply be another random addition to the fauna of the Estuary. 
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Conclusions 
The applicability of whole community variables such as richness, abw1dance and 
biomass is limited by the knowledge ofautecologies of the constituent species. Although 
authors such as Gray, Warwick and Dauer have spent much paper and ink proposing 
models on the interpretation of whole community structure in tenns of disturbance, little 
wide-spread applicability has been achieved for any one method. TI1ese writers a11 
conclude that it is only through the study of auteco1ogies of the species involved in the 
particular situation under investigation that further llllderstanding of structural changes be 
achieved. 
In this study the autecologies of the bivalve species involved in the observed 
changes was the main interpretive guide to establishing relationship with environmental 
change. 
Narrowing this research field to a small group of organisms such as bivalves may 
prove profitable given their ecological importance and case of observation. 
Health .Monitoring and Management. 
In his concluding remarks in a recent Swan River Tmst report Robert Atkins 
suggested that 11There is little value in continuing routine water quality monitoring. We 
are not teaming anything new by doing this." (Atkins 1993). 
Biological indicators need to be established in the Swan Estuary representing as 
many biotic components, conditions and habitats as possible (Jacoby 1993). The 
collection of as many methods, fonns of analysis and types of indicator variables as 
possible should be wtdcrtaken so that infonncd evaluation of health can be made (Dauer 
1993). 
In assessing bivalves against the list of desired attributes of a biological indicator, 
pragmatic considerations were ever present. The disadvantages of using population and 
commmtity structure are many - not the least of which is disceming abnonual change 
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from normal background fuctuations in these variables, a problem which is particularly 
evident in Estuaries. TI1e desired criteria that a biological indicator should respond 
quickly and vnambiguously to whatever it is that you're interested in, is a high ideal, 
against which stmcture may fall well short. Perhaps more sensitive responses can be 
gathered from functional attributes, although these are little tested at present. Stmcture 
has produced results in tenns of health assessment in the past, and in the absence of a 
better apJH"Oach it will continue to be the backbone of assessment. A concentration on 
the autecologics of constih1ent species would appear to be a more profitable exercise 
compared with that of enumerating whole community variables such as richness, 
abundance and biomass. 
In today's economic climate, managers cannot wait for the results of long-tenn 
studies which involve expensive hours spent in laboratories identifying and cmmting 
masses of macroinvettebrates species. Given also that the Estumy is being subjected to 
ever increasing pressure, the need for biological indicators which are easy to measure 
would appear to override all other considemtions. Identifying the ideal "most sensitive" 
indicator (if one actually existed) is a secondary issue and as more research is conducted 
may be better elucidated. 
Titis study has shown that bivalve structure has changed over a period when 
environmental conditions within the esttmy have also changed. The mttjor requirement 
for a biological indicator is that it be shown to respond to changing conditions and this 
has not been demonstrated. However their abundance and availability throughout the 
Estuaty, the low cost involved in me<~suremcnt, and the ease in which data can be 
gathered highlights bivalves as possible biological indicators for health monitoring of the 
Swan Estuar;. 
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APPENDIX 1 
Site and location description with habitat comments. 
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-----------------------cc-~--c------------------c------------------c-c--------. Code Site name Sampling location Date Sampled Habitat evaluation 
FTB Fremantle Bridges South bank immediately downstream of 21/3/94 shallow bank very rocky, 
the Stirling Bridge much disturbed by boat 
traffic 
NF North Fremantle John St, North Fremantle from the 28/3/94 gently sloping bank 
upstream corner of Gilbert Frazer Reserve appears healthy stands of 
seagrass • not much fauna 
around though 
EF Preston Point Riverside Rd, East Fremantle downstream 7/3/94 gently sloping bank, 
fronl the boat ramp seagrass some zostera 
RB Rocky Bay Midchanne\ bank, upstream end 26/3/94 very silty unconsolidated 
bottom 
SR Point Roe Sugcr Refinery (north bank), immediately 26/3/94 steep shallow rocky .j 
upstream from 8 knot water speed marker 
BR Blackwall Reach Black\vnll Reach Pde, Bicton 5/3/94 bo<~t :-:10oring area~ 
immediately in front of Beach Rd. seagreasscs growing deeper 
at this site, not included in 
sampling 
CP Chidlcy Point Chidlcy Way, Mosman Park 10/3/94 steeply sloping very 
upstream of the red channel marker disturbed by po\ver boats ~ •. , 
skiiing 
shallow rocky 
~-
PW Point Walter Honom Ave, Bicton, 50 m along the spit 7/4/94 gently sloping bank, 
and on the do\\11Stream side healthy stands of seagrass 
MB Mosman Bay Johnson Pdc, Mosman Park 23/3/94 sheltered bay (from 
immediately downstrenm of Glyde St. westerlies) 
seagrasses alma~\ absent 
r' boats moorings dominate 
area 
PG Peppermint Grove The Esplanade, Peppermin• 'JTO"e 23/3/94 sheltered bay, seagrasscs 
immediately upstream of Leake St. deeper, lots boat moorings, 
shallow location appears ' ,,
disturbed "ith stabalising 
rocks, cmmbcd concrete etc 
also imponed sand ~for 
nice beach?? 
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Code Site name Sampling lot.:ation Date Sampled Habitat evaluation 
FB Freshwater Bay 
PR Point Resolution 
AC Point Waylen 
LB Lucky Bay 
PD Point Dundas 
PP Pelican Point 
SB Swan Brewery 
CB Canning Bridge 
CM Como 
Jetty Rd, Claremont upstream side of jetty 5/3/94 
Point Resolution Reserve, Dalkeith 
inunediately downstream of the steps 
2613/94 
Troy Pk, Alfred Cove, downstream corner 23/3/94 
of Alfred Cove Nature Reserve 
Melville Breach Rd., Ardro5s. 24/3/94 
in front ofConon St. 
Fraser St, Applecross. midway between 20/3/94 
the jetty and the point. 
Hackel Dr, ]\Tedlands immediately 281394 
upstream of the b0\\1. ramp 
Riverside Dr, upstream corner of the 3/3/94 
Brewerybnilding 
Canning Beach Rd, Applecross 2/3/94 
50 m dmvnstream of the jetty 
In front of South Tee. 1/4/94 
HI Heirisson Island Midway between the bridge and 
thedmvnstream end of the island and on 
the Perth side of the island. 
30/3/94 
PER Perth water 20m downstream of the Bennett St 
drain. 
30/3/94 
gently sloping site 
healthy stands ofseagrass 
shallow site rocky 
teep sloping 
constantly buffeted by 
waves from westerlies 
Gently sloping some 
muddy bottom- like upper 
Swan no boats , fringing 
veg present 
seagrass and macophytes 
present 
a unique little bay - maybe 
has some input from a little 
creek 
or is not flushed easily 
very gently slopin.e; bank. 
some exposure at low 
tides, not much seag.rass 
around- but appears as 
though it should 
as per PO - more seagmss 
steep site, disturbed by 
stabalising. very rocky 
gently sloping bank, 
seagrass, boat moorings 
as per PO with more grass 
as per Perth site 
rocky/cmmbly substrate 
and steep 
shnllow nnd deep site very 
close together 
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Cod!! Site name 
SP Salter Point 
HR Helena River 
RW Riverton Weir 
EB Ellen Brook 
" 
t· 
143 
Sampling location Date Sampled Habitat evaluation 
Salter Point Pde, 50 m downstream of the 
point 
2/3/94 
Kings Meadow Oval, Guilford Upstream 27/2/94 
of the junction between the Swan and 
Helena rivers ~ the north bank 
Kent St, Wilson 50 m downstream from 2/3/94 
the weir wall north bank 
South bank immediately downstream of 6/4/94 
the West Swan Road Bridge 
moderate sloping battk, 
fringe veg present 
fringing veg present 
sandy grain size appears 
unusual for this end of the 
river 
steep site shallow and deep 
site very close together 
pool of water under tile 
bridge, high gilvin 
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APPENDIX 2 
Sea grass biomass at each site. 
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g dry weight per m2 
Tot SE Above SE Below SE 
AC 7.60 3.40 3.29 1.45 4.38 1.67 
BR 0.00 0.00 0.00 0.00 0.00 0 
CM 41.00 5.88 21.23 3.75 19.77 2.59 
CP 8.69 2.58 4.62 1 .41 4.08 1.24 
EF 32.03 4.79 9.98 1 .78 22.05 3.11 
FB 36.34 6.86 14.19 2.74 22.15 4.24 
FTB 40.06 8.61 19.22 4.06 20.84 4.57 
LB 20.42 3.37 9.27 1.57 11 .1 5 1.86 
MB 7.16 5.22 3.19 2.16 3.97 3.16 
NF 39.49 5. 71 19.29 2.93 20.20 2.97 
F'D 25.06 6.20 11.67 2,78 13.40 3.46 
PC 12.80 5. !i 1 6.63 2.66 6.17 2.93 
pp 26.08 4.93 9.44 2.77 16.64 2.83 
PR 0.88 0.16 0.40 0.08 o.4a 0.09 
PW 15.63 2.94 4.70 0.44 12.67 2.20 
RB 31 . 71 4.26 13.30 2.39 18.41 2.62 
SR 18.04 4.22 9.46 2.56 8.58 1.79 
' ,,
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APPENDIX 3 
Bivalve density and biomass at each site. 
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Per m2 Per m2 
M. senhousia S. biradiata 
Density Wet Dry (shell Dry flesh Density Wet Dry (shell Dry flesh 
CB 328.00 sus 22.25 3.30 0.00 0.00 0.00 0.00 
82.64 9.93 4.41 0.64 0.00 0.00 0.00 0.00 
AC 128.00 13.34 5.48 0.95 0.00 0.00 0.00 0.00 
35.70 3.22 1.33 0.24 0.00 0.00 0.00 0.00 
BR 108.00 5.50 2.10 0.44 148.00 88.15 32.74 7.59 
103.71 5.50 2.10 0.44 40.05 27.62 10.52 2.28 
c 148.00 61.60 28.60 3.52 112.00 66.00 24.34 5.70 
51.69 24.56 11.47 1.39 35.70 20.14 7.52 l. 71 
CP 1520.00 673.87 322.49 36.89 0.00 0.00 0.00 0.00 
534.82 254.84 123.12 13.70 0.00 0.00 0.00 0.00 
EF 0.00 0.00 0.00 0.00 100.00 129.96 49.98 10.48 
0.00 0.00 0.00 0.00 65.16 48.87 17.84 4.29 
FB 48.00 22.34 10.57 1.24 348.00 417.38 159.95 33.79 
29.11 12.60 5.92 0.71 53.39 81.26 32.07 6.29 
FT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
" HI !' 12.00 0.99 0.41 0.07 0.00 0.00 0.00 0.00 
\~ 6.ll 0.90 0.39 0.06 0.00 0.00 0.00 0.00 
HR 
)<>-
\J\V 8.00 0.00 0.00 0.00 192.00 0.00 0.00 0.00 ~:" 5.34 0.00 0.00 0.00 157.40 0.00 0.00 0.00 
LB 0.00 0.00 0.00 0.00 32.00 23.24 8.51 2.02 
0.00 0.00 0.00 0.00 15.56 12.60 4.67 l.08 
M 0.00 0.00 0.00 0.00 268.00 441.20 173.61 34.13 
0.00 0.00 0.00 0.00 47.38 132.53 52.48 10.16 
NF 4.00 0.00 0.00 0.00 16.00 7.60 2.77 0.67 
4.00 0.00 0.00 0.00 6.54 5.51 2.09 0.45 
PD 0.00 0.00 0.00 0.00 272.00 143.27 51.67 12.82 
0.00 0.00 0.00 0.00 76.14 44.01 16.04 3.88 
'- -·--·- ,_ 
PE 28.00 2.45 1.00 0.17 0.00 0.00 0.00 0.00 
10.42 1.36 0.57 0.09 0.00 0.00 0.00 0.00 
PG 24.00 0.00 0.00 0.00 28.00 53.38 21.07 4.10 
17.09 0.00 0.00 0.00 ]8.92 35.69 14.09 2.74 
pp 128.00 46.54 2U3 2.76 60.00 39.08 14.72 3.29 
61.38 24.72 ll.35 1.44 19.10 16.15 6.21 1.31 
PR 2372.00 989.98 459.96 56.90 36.00 19.88 7.34 1.72 
638.35 210.24 95.81 12.49 25.63 15.44 5.85 1.28 
PW 1048.00 488.43 229.49 27.41 44.00 72.36 27.93 5.77 
253.08 121.37 57.48 6.73 44.03 72.41 27.95 5.78 
RB 0.00 0.00 0.00 0.00 236.00 656.61 267.24 48.18 
0.00 0.00 0.00 0.00 64.94 181.85 73.98 13.36 
R *\"36.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
\:-/t'1' 12.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SP 4.00 0.44 0.18 0.03 0.00 0.00 0.00 0.00 
4.00 0.44 0.18 0.03 0.00 0,00 0.00 0.00 
SR 4.00 1.83 0.85 0.11 52.00 144.80 58.84 10.64 
4.00 1.83 0.85 0.11 26.04 90.59 37.09 6.57 
CB 
AC 
BR 
c 
CP 
EF 
FB 
FT 
HI 
HR 
LB 
M 
NF 
PD 
Perm2 
X. securis 
Density 
1512.00 
212.05 
20.00 
8.95 
0.00 
0.00 
68.00 
12.71 
8.00 
5.34 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
1484.00 
357.65 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
Wet 
617.92 
121.96 
7.70 
3.88 
0.00 
0.00 
24.17 
ll.2C 
3.91 
2.68 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
1068.24 
279.26 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
Dry (shell Dry flesh 
311.22 
62.45 
3.74 
1.91 
0.00 
0.00 
11.64 
5.42 
1.91 
1.32 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
568.79 
134.57 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
28.59 
5.28 
0.40 
0.19 
0.00 
0.00 
1.28 
0.60 
0.20 
0.13 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
49.12 
11.49 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
149 
Per m2 
I. crenata 
Density Wet 
16.00 
12.23 
4.00 
4.00 
24.00 
8.85 
12.00 
8.54 
108.00 
52.72 
4.00 
4.00 
28.00 
10.42 
0.00 
0.00 
8.00 
5.34 
0.00 
0.00 
16.00 
8.85 
12.00 
8.54 
0.00 
0.00 
4.00 
4.00 
13.54 
9.47 
0.63 
0.63 
8.59 
4.82 
5.76 
3.92 
78.97 
39.87 
0.00 
0.00 
7.57 
3.49 
0.00 
0.00 
l.l6 
0.98 
0.00 
0.00 
I. 76 
1.40 
0.94 
0.94 
0.00 
0.00 
1.32 
1.32 
Dry (shell Dry flesh 
8.47 
5.89 
0.34 
0.34 
5.16 
2.95 
3.42 
2.33 
49.39 
25.00 
0.00 
0.00 
4.41 
2.04 
0.00 
0.00 
0.64 
0.55 
0.00 
0.00 
0.95 
0.76 
0.52 
0.52 
0.00 
0.00 
0.76 
0.76 
0.02 
0.02 
0.26 
0.15 
0.17 
0.12 
2.45 
1.24 
0.00 
0.00 
0.22 
O.lO 
0.00 
0.00 
0.03 
0.03 
0.00 
0.00 
0.05 
0.04 
0.03 
0.03 
0.00 
0.00 
0.04 
0.04 
i 
! 
' ' ! 
'; 
' 
' • 
150 
516.00 166.25 81.60 8.37 
153.81 46.84 23.12 2.32 
PG 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
PP 4.00 1.1& 0.56 0.07 
4.00 l.JS 0.56 0.07 
PR 144.00 61.12 29.60 3.19 
59.73 20.12 9.75 1.05 
PW 20.00 5.43 2.68 0.32 
10.76 4.96 2.47 0.29 
RB 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
R 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
SB 60.00 33.61 16.86 1.57 
55.74 29.81 14.93 1.40 
SP 352.00 348.45 180.55 16.02 
119.01 110.08 57.29 5.30 
SR 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
48.00 2.47 
19.61 1.17 
24.00 3.66 
8.85 2.43 
68.00 17.74 
15.84 7.38 
1164.00 292.31 
244.47 63.34 
228.00 23.25 
80.29 9.03 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
48.00 2.35 
19.61 1.92 
60.00 31.83 
22.53 15.02 
24.00 15.91 
8.85 7.50 
1.25 
0.59 
2.13 
1.46 
10.39 
4.44 
169.23 
37.93 
12.88 
5.13 
0.00 
0.00 
0.00 
0.00 
1.25 
1.02 
19.43 
9.22 
9.84 
4.72 
0.06 
0.03 
0.11 
0.07 
0.52 
0.22 
8.46 
1.89 
0.65 
0.26 
0.00 
0.00 
0.00 
0.00 
0.06 
0.05 
0.97 
0.46 
0.49 
0.23 
' 
\, 
' 
r 
r 
! 
! 
I 
! 
• 
' 
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CB 
AC 
BR 
c 
CP 
EF 
FB 
Ff 
HI 
HR 
LB 
M 
NF 
PD 
Per m2 
T. deltoidalis 
Density 
24.00 
10.67 
28.00 
10.42 
24.00 
12.23 
0.00 
0.00 
12.00 
8.54 
96.00 
12.23 
0. ·JO 
O.UO 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
20.00 
8.95 
0.00 
O.fJO 
52.00 
8.54 
12.00 
6.11 
Wet 
16.36 
8.38 
60.86 
22.88 
19.25 
11.08 
0.00 
0.00 
50.32 
36.30 
133.14 
19.48 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
22.92 
10.18 
0.00 
0.00 
69.13 
15.59 
27.31 
14.21 
Dry (shell Dry flesh 
5.89 
3.06 
23.94 
9.01 
7.09 
4.14 
0.00 
0.00 
21.33 
15.70 
50.69 
7.56 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
8.57 
3.81 
0.00 
0.00 
26.18 
5.92 
10.79 
5.63 
1.47 
0.74 
4.73 
1.77 
1.67 
0.94 
0.00 
0.00 
3.48 
2.44 
10,93 
us 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
1.94 
0.86 
0.00 
0.00 
5.72 
1.28 
2.11 
1.09 
151 
Perm2 
Total bivalve 
Density Wet 
1880.00 
217.45 
180.00 
41.88 
304.00 
121.88 
340.00 
78.99 
1648.00 
573.00 
200.00 
54.36 
424.00 
64.05 
0.00 
0.00 
1504.00 
356.74 
200.00 
156.74 
68.00 
20.71 
280.00 
49.57 
72.00 
11.63 
288.00 
78.67 
699.01 
119.58 
82.53 
22.07 
121.49 
24.ll 
157.53 
40.81 
807.07 
303.83 
263.11 
40.11 
447.30 
82.98 
0.00 
0.00 
1070.38 
279.51 
0.00 
0.00 
47.92 
12.71 
442.13 
133.17 
76.73 
18.60 
171.90 
51.84 
Dry (shell Dry flesh 
347.83 
61.23 
33.51 
8.67 
47.10 
8.95 
68.00 
18.76 
395.12 
151.22 
100.67 
15.01 
174.94 
32.99 
0.00 
0.00 
569.85 
134.74 
0.00 
0.00 
18.03 
4.80 
174.l3 
52.84 
28.95 
7.05 
63.22 
19.20 
33.78 
5.19 
6.09 
1.72 
9.96 
2.05 
10.67 
2.51 
43.02 
15.73 
21.40 
3.43 
35.25 
6.36 
0.00 
0.00 
49.22 
11.48 
0.00 
0.00 
4.01 
1.06 
34.16 
10.17 
6.39 
1.54 
14.97 
4.47 
r 
' I 
r 
t 
f 
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152 
PE 0.00 0.00 0.00 0.00 592.00 171.18 83.86 8.60 
0.00 0.00 0.00 0.00 166.20 47.18 23.25 2.35 
PG 0.00 0.00 0.00 0.00 76.00 57.03 23.20 4.21 
0.00 0.00 0.00 0.00 25.63 37.26 15.08 2.79 
PP 0.00 0.00 0.00 0.00 260.00 104.55 46.80 6.63 
0.00 0.00 0.00 0.00 64.89 22.38 10.41 1.41 
PR 0.00 0.00 0.00 0.00 3716.00 1363.30 666.13 70.27 
0.00 0.00 0.00 0.00 875.74 229.34 108.48 12.65 
PW 4.00 1.54 0.53 0.15 1344.00 591.01 273.51 34.29 
4.00 1.54 0.53 0.15 311.33 115.98 55.05 6.73 
RB 16.00 33.58 13.22 2.61 252.00 690.19 280.46 50.79 
6.54 14.73 5.85 1.13 63.45 179.42 73.06 13.16 
R 0.00 0.00 0.00 0.00 36.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 12.59 0.00 0.00 0.00 
SB 0.00 0.00 0.00 0.00 108.00 35.96 18.10 1.63 ,, 
0.00 0.00 0.00 0.00 59.09 30.32 15.20 1.41 
SP 8.00 7.24 2.66 0.63 424.00 387.97 202.81 17.65 
5.34 4.91 1.80 0.43 121.59 110.13 57.72 5.23 
SR 0.00 0.00 0.00 0.00 80.00 162.55 69.53 11.23 
0.00 0.00 0.00 0.00 26.01 88.59 35.90 6.51 
<:, _-- -,_ ,,_- _.,_, --.:--
